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Abstract
Motivated by the requirements of vibrational spectroscopy of liquid-phase chemicals
– which are distinguished by their broad and smooth absorption features – this the-
sis describes the development and applications of coherent mid-infrared sources in the
2.1 to 12-µm wavelength band. Two ultrafast optical parametric oscillator (OPO) mid-
infrared sources were constructed using periodically poled lithium niobate (PPLN) and
orientation patterned gallium phosphide (OPGaP). The PPLN OPO produced spectrally
broad output pulses tunable from 2.1 - 4.1 µm with hundreds of milliwatts of average
power. The OPGaP OPO tuned from 5 - 12 µm producing tens of milliwatts of aver-
age power, covering a large fraction of the molecular fingerprint region with comparable
spectral brightness to state-of-the-art sources.
Aerosols of harmful chemicals have an impact on health and the environment and us-
ing mid-infrared light scattering offers a route to standoff aerosol detection. The spec-
tra of scattered light from aerosols of liquid chemicals were measured at wavelengths
from 3.2 - 3.55 µm using the PPLN OPO as an active illumination source. Different
chemicals were distinguished by clearly different spectral behaviour, closely following
the mid-infrared transmission spectrum of each. To understand the factors influencing
the spectroscopy of aerosols, a Mie-scattering model was developed which predicted a
stronger influence of particle size scattering effects at longer wavelengths, introducing
significant differences between scattered spectra and liquid transmission spectra. Using
the OPGaP OPO as illumination, scattered spectra from a range of liquid chemicals were
measured between 7.2 - 11.2 µm, with differences between the scattering and transmis-
sion observed as predicted by the model. These results highlighted that understanding the
particle size distribution is critical when using scattered light to identify aerosols.
The extension of standoff detection to identifying liquid and solid material deposited on
a surface was explored using active spectral imaging at wavelengths of 3 - 4 µm. Liquid
chemicals were distinguished by their absorption using narrow band illumination tuned
with a monochromator, and initial experiments using a high speed camera and Fourier
transform spectrometer with broad band illumination demonstrated the ability to differ-
entiate between a number of different powder samples. Finally, a novel implementation
of chemical spectroscopy using compressive sensing was investigated, showing potential
for spectral imaging using a single-pixel detector.
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Chapter 1: Introduction
1.1 Project motivation
Standoff detection, identification of a sample at a distance without interfering with it,
offers a reduced risk of harm from dangerous chemicals by avoiding the need to collect
a sample for analysis, therefore eliminating the possibility of human contact with a toxic
material. It has potential military applications in determining if a liquid deposition on a
surface is dangerous, avoiding an unnecessary time consuming decontamination process.
This is particularly important in the case of non-volatile chemical warfare agents (CWAs),
as their presence persists for a long period. As an example, VX nerve agent (venomous
agent X) is less volatile than water by a factor greater than 103 [1]. A recent editorial
in Optical Engineering [2] points out that, despite it being 100 years since the chemical
weapons were first used on a large scale in the first world war, their use is presently
an emerging threat. It argues that the easily accessible information on the internet and
increased civil unrest fuelling demand for improvised weapons could lead to wider use
of CWAs. The motivation for the work described in this thesis was the development
of standoff detection techniques for toxic chemicals based on molecular spectroscopy.
There is a range of other possible applications which will be discussed as well, including
security screening, sorting of different materials (for example sorting different plastics in
a recycling context) and even analysis of alien environments.
This chapter starts by describing the two main spectroscopy techniques for probing molec-
ular vibrations: infrared absorption and Raman scattering. Section 1.3 then examines the
range of coherent mid-infrared sources with possible applications in standoff chemical de-
tection, including both newly developed sources and established systems with proven ca-
pability. Section 1.4 looks at uses of Raman scattering in standoff detection. Sections 1.5
and 1.6 conclude the chapter by discussing other spectroscopic standoff techniques and
their limitations.
Chapter 2 describes the theory of optical parametric oscillators (OPOs), and the two differ-
ent OPOs developed as coherent mid-infrared sources in the 3 - 4 µm band (MgO:PPLN)
and 5 - 12 µm region (OPGaP). Toxic chemicals can exist in the air as either a gas or
aerosol (of liquid or solid material), or can be deposited on a surface as either a liquid or
solid. Chapter 3 considers the spectroscopic properties of aerosols, and describes experi-
ments to identify chemical aerosols based on the spectra of mid-infrared light scattered by
them. Chapter 4 looks at mid-infrared spectral imaging and its applications in standoff de-
tection, presenting some initial experimental results. The thesis concludes with Chapter 5
exploring possible future developments to this work.
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1.2 Molecular vibrational spectroscopy
The unique vibrational and rotational energy levels of a particular molecule allow the
identification of unknown chemicals using established techniques such as infrared ab-
sorption or Raman spectroscopy. Infrared (IR) absorption is the direct excitation of a
vibrational or rotational energy level, while Raman is inelastic scattering; a photon ex-
cites the molecule to a virtual energy state, which decays to a higher energy level emitting
a photon of lower energy (Stokes scattering) [3]. Figure 1.1 shows the different transitions
on an energy level diagram.
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Figure 1.1: Different energy level transitions resulting in absorption or emission of a photon.
A particular molecular vibration will only absorb light if there is a change in dipole mo-
ment of the molecule associated with the vibration. The selection rule for a vibration to be
Raman active is that there must be a change in polarisability. For example, the two most
abundant molecules in air, O2 and N2, do not absorb infrared radiation but are Raman
active, as the only vibration possible is a stretch of the single bond between two identical
atoms, which has no change in dipole moment but does change the polarisability. H2O
and CO2 do absorb infrared radiation, and are the dominant causes of atmospheric absorp-
tion of infrared light. Figure 1.2 shows the absorption spectra of both water and carbon
dioxide, revealing the mid-IR spectral areas that are often of interest in standoff detection
applications because of low atmospheric absorption: 3 - 5 and 8 - 12 µm.
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Figure 1.2: Transmission spectrum of water vapour (blue) and carbon dioxide (orange) at 1 cm−1
resolution [4].
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Figure 1.3: Transmission spectrum of propan-1-ol (blue) and propan-2-ol (orange) at 4 cm−1
resolution [6].
Figure 1.3 shows the mid-IR transmission spectra for liquid propanol, showing the two
isomers propan-1-ol and propan-2-ol. Between 3 - 4 µm there is clear infrared absorption,
and it is fairly typical for different molecules to have distinctive absorption behaviour
in this region. The two isomers show similar but not identical behaviour. In the 6 -
12 µm region, there are clearly significant features, and crucially the two isomers show
completely different behaviour. The spectral region containing these rich features is often
referred to as the molecular fingerprint region. The exact spectral region is not clearly
defined and there are varying definitions, but here 6 - 15 µm is considered the fingerprint
region (based on the definition used by Angela Seddon [5]).
Liquid and gas phase chemical absorption spectra have different characteristics. Gases
have sharp, narrow absorption features. Figure 1.4 shows the transmission spectra for
methane between 3.2 - 3.5 µm. The reduced intermolecular distances in liquids mean that
a molecule will experience potentials from neighbouring molecules, resulting in broader
absorption features due to inhomogeneous broadening. This is illustrated in Fig. 1.4,
where the transmission spectrum for liquid diethyl phthalate (DEP) is shown, with clearly
broader features than those of methane gas.
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Figure 1.4: Mid-IR transmission spectra of methane [4] (at 1 cm−1 resolution) and DEP [6] (at
4 cm−1 resolution).
3
Instruments for chemical analysis based on infrared absorption are widely used, but gen-
erally these require contact with the chemical under investigation to prepare it for anal-
ysis. In a situation where the sample is difficult to reach, or potentially dangerous, this
is not ideal. A significant advantage of a coherent source over a thermal mid-IR source
for standoff detection is that the high spatial coherence allows the beam to be collimated
over a long distance. This means that, compared to a blackbody source emitting in all
directions, the spectral radiance or brightness is orders of magnitude greater (an example
is shown in Section 2.5.3).
1.3 Coherent mid-infrared sources
This section describes the most common coherent sources of mid-infrared radiation, and
reports of their use for standoff chemical detection. Sources based on optical paramet-
ric oscillation or difference frequency generation are described in Section 1.3.1, followed
by quantum cascade lasers (Section 1.3.2) and mid-IR supercontinuum generation (Sec-
tion 1.3.3).
1.3.1 Optical parametric oscillation and difference frequency generation
Optical parametric oscillation and difference frequency generation (DFG) are nonlinear
optical processes, described in more detail in Section 2.1, which can convert the wave-
length of mature near-IR laser sources into the mid-IR.
Zhang et al. [7] recently used an optical parametric oscillator (OPO) for standoff detec-
tion. Their OPO was synchronously pumped by a Yb:KYW modelocked laser amplified
by a Yb fibre amplifier. The idler pulses were 3 ps in duration with an average power of
100 mW, spanning a broad wavelength range from 3.1 - 3.7 µm. The intensity of scat-
tered light from two surfaces, chemical agent resistant coating (CARC) and concrete, was
investigated as a function of distance and angle from specular reflection. The spectra of
water vapour, CARC, thiodiglycol (TDG), and nitromethane vapour were also measured.
Figure 1.5(a) shows the measured and library spectra of a small drop of TDG on concrete.
The library spectrum is the transmission spectrum of TDG measured with a standard
Fourier transform spectrometer. The main absorption feature of TDG in this wavelength
band is clearly visible on the measured spectrum, despite the lack of background absorp-
tion correction. A nitromethane vapour measurement was performed on a small concen-
tration in a gas cell, with the transmitted light diffusely reflected from a concrete surface
at 1 m, achieving a normalised detection sensitivity of 15 ppm m Hz−1/2. The spectrum is
shown in Fig. 1.5(b), showing good agreement with the simulation. Incorporating the gas
concentration, as well as the gas cell depth, and the integration time into the sensitivity
unit should allow easier comparison between different standoff techniques. It still does
not take into account the strength of the absorption feature being examined, the standoff
distance, the power of the illuminating radiation, or the angle from specular reflection.
The dependence on angle of measurement was also explored, specifically how the strength
of the signal was affected by moving away from specular reflection. Figure 1.6 shows how
4
(a) (b)
Figure 1.5: (a) Reflection spectrum of TDG on concrete, the solid line is measured, the dotted line
is a library spectrum. (b) Nitromethane at a distance of 1 m, measured (solid blue) and simulated
(dashed red) [7].
Incident light Specular reflection
Diffuse
 reflection
Figure 1.6: Specular and diffuse reflection.
specular reflection is like a mirror surface (following the angle of incidence equals angle
of reflection rule), while diffuse reflection occurs in all directions, due to scattering just
below the surface. They found they could still detect signals 15◦ away from specular
reflection on CARC, and 5◦ on concrete in either direction.
Neely, Nugent-Glandorf and Diddams [8] used a femtosecond OPO, similar to the system
used by Zhang et al. Using a Yb:fibre laser and amplifier, the output pulses are com-
pressed to 170 fs, so a shorter crystal length is used (as discussed in Section 2.4.1). The
crystal used had a fan grating, allowing continuous tuning from 2.6 to 4.0 µm. In their
standoff measurements they used a single grating period to generate a mid-IR spectrum
with centre wavelength at 3.3 µm, a FWHM of approximately 0.2 µm and an average
power of 120 mW. The scanning monochromator used to measure reflected light has a
resolution of 4 nm (4 cm−1 at 3.3 µm). They tested small quantities of the explosives
1,3,5-Trinitro-1,3,5-triazinane (RDX), octogen (HMX), tetryl and pentaerythritol tetrani-
trate (PETN) dissolved in solvent and deposited on a gold mirror in small drops, as well as
solid samples of RDX and PETN on both bare and painted aluminium. All measurements
were made at an angle of 14◦ from specular reflection, at a standoff distance of 3 m.
To analyse their results, Neely et al. normalised their OPO output spectrum to the col-
5
lected spectrum, and subtracted them. Their use of a gold mirror substrate is interesting;
it is not the most realistic situation for practical standoff detection, but as the gold mirror
exhibits no diffuse reflection, and they collected light 14◦ from specular reflection, the
signal they observed was purely from the sample with no interference from the substrate.
The spectra they measured for each explosive drop were clearly different from each other.
Unfortunately they made no comparison to reference spectra, but it is possible to conclude
that their technique is suitable for distinguishing the different explosives. In a comparison
between the mirror and aluminium substrates, the spectra do show some similarities, but
also show differences. They estimate a detection sensitivity of 600 ng. Whilst both are
proof-of-principle experiments, these two examples demonstrated the feasibility of using
the spectrally broad mid-IR beam from an ultrafast OPO for standoff detection.
Both the OPOs mentioned used the mature nonlinear optical crystal periodically poled
lithium niobate (PPLN, discussed in more detail in Section 2.4.1). The transmission of
PPLN and another commonly used nonlinear crystal, periodically poled potassium ti-
tanyl phosphate (PPKTP) are shown in Fig. 1.7. They are unsuitable for generating mid-
IR > 5 µm as they are opaque due to multi-phonon absorption. Figure 1.7 also shows the
nonlinear figure of merit for each material. The figure of merit, a function of the effective
scalar value of the second order nonlinear susceptibility tensor deff and the linear real
refractive index of the material at each of the three interacting wavelengths (shortened to
n3) determines the intensity of the field generated in a frequency conversion process in a
particular material (see for example page 78 of [9]).
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Figure 1.7: Transmission range for most nonlinear crystals with phasematching for mid-IR gen-
eration against their nonlinear figure of merit. This figure is adapted from [10] with additional
information added on OPGaAs [11, 12], OPGaP [13, 14], ZGP [15, 16], CSP [17, 18], PPLN [19]
and PPKTP [20]. Greyed out regions show transmission which cannot be used for an OPO due to
two-photon absorption or a lack of phasematching.
Figure 1.7 also displays the transmission of nonlinear materials which can be used to
generate wavelengths beyond 5 µm. Regions where the materials do transmit but cannot
be used in an OPO due to two photon absorption or no phasematching condition (see
Section 2.1.4) are greyed out. Cadmium silicon phosphide (CdSiP2 or CSP) has been
used in OPOs to generate mid-IR from 6 - 8 µm, in a range of configurations using ps and
fs 1-µm pump lasers, as well as using an OPO as the pump (discussed in the recent review
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by Kumar et al. [21]). It has also been used recently in an optical parametric amplifier
to generate short duration pulses spanning 4.4 - 9.0 µm [22]. Zinc germanium phosphide
(ZnGeP2 or ZGP) requires a pump laser with 1.9-µm wavelength or higher, meaning less
mature laser sources must be used. It has been used to generate high energy pulses in an
optical parametric amplifier between 6 - 7.5 µm [23].
Orientation patterned gallium arsenide (OPGaAs) has good transmission up to 17 µm, but
due to two photon absorption requires a pump laser of 1.7 µm or higher. Interesting mid-
IR sources have been developed using OPGaAs, including a narrow linewidth OPO oper-
ating between 10.3 - 10.9 µm [24], and a cascaded OPO tuning between 4 - 14 µm [25].
These both use nanosecond pulse pump lasers, as femtosecond lasers operating at a long
enough wavelength are still a developing technology. A very recent demonstration us-
ing a modelocked Cr:ZnS laser operating at 2.35 µm has been used to generate a broad
spectrum from 2.85 - 8.40 µm [26].
Orientation-patterned gallium phosphide (OPGaP), the first new orientation-patterned
semiconductor to produce meaningful output powers in nearly 15 years, now presents
an alternative to OPGaAs or ZGP. Its transparency extends to above 12 µm, providing
excellent coverage of the fingerprint region. Unlike OPGaAs, its band edge lies in the
visible region, so two-photon absorption is negligible above 1 µm. This allows it to be
pumped directly with mature and powerful 1-µm lasers, and the phase matching prop-
erties mean optical parametric oscillation is possible throughout its mid-IR transparency
range. Section 2.5 contains further details on the phase matching and fabrication pro-
cess. The OPO described in Section 2.5.3 as well as [27] was the first example of a 1-µm
pumped OPO which could generate tunable mid-IR radiation from 5 - 12 µm, across a
large portion of the fingerprint region. OPGaP has now been used in a range of configura-
tions. DFG has been performed using nanosecond [28] and picosecond [29] pump lasers,
but only to generate around 3 µm. Other mid-IR generation experiments with OPGaP
have employed 1.5 µm pump lasers. Lee et al. used an erbium fibre laser which was
spectrally broadened and amplified with a thulium amplifier to mix 1.5 µm and 2 µm
for DFG producing tunable and spectrally broad 6 - 11 µm output with up to 70 mW of
average power [30]. Another recent experiment uses an erbium fibre laser and amplifier
broadened in nonlinear fibre. DFG in OPGaP between different wavelengths in the spec-
trally broadened spectrum generates an instantaneous mid-IR output of 6 - 12 µm [31].
The power generated is only around 100 µW, not enough for use in standoff detection.
Some other nonlinear materials, included in Fig. 1.7, can be used to generate mid-IR light.
Silver gallium sulphide (AGS) was used by Steinle et al. for DFG between a 1-µm pump
laser and OPO to generate 4.5 - 20 µm with 10s of mW of power [32]. A broad spec-
trum spanning 6.8 - 16.4 µm with 103 mW average power using DFG in lithium gallium
sulphide (LGS, not included in Fig. 1.7 as the nonlinear figure of merit is not known)
between different spectral components of a 1-µm laser has been demonstrated [33], al-
though this did rely on the use of a very powerful 90 W thin-disc laser. A newly developed
material barium gallium selenide has been used with a nanosecond 1-µm pump laser to
generate between 2.7 - 17 µm [34]. These materials, as well as others, can be used for
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DFG far into the mid-IR. They are less useful for mid-IR OPOs, due to the lack of quasi-
phasematching. This means the maximum nonlinear coefficient can not always be used.
In general, the maximum nonlinear figure of merit is also lower than the semiconductor
materials CSP, OPGaP, OPGaAs and ZGP (as shown in Fig. 1.7). GaSe, the only material
with a comparable figure of merit, has limited applications as the crystal is impossible
to cut at certain phase matching angles [16] and suffers from fairly high linear absorp-
tion [33].
1.3.2 Quantum cascade lasers
Quantum cascade lasers (QCLs) are semiconductor lasers where the laser transition is not
from conduction to valence band, but within different levels of the conduction band. Us-
ing layers of different semiconducting material, multiple energy levels within the conduc-
tion band can be engineered, and an injected electron ‘cascades’ down through a number
of energy levels (emitting a photon each time). Compared to using interband transitions,
this approach allows longer wavelengths to be generated. A recent review article in Laser
Focus World provides a detailed account of commercially available QCLs and QCL sens-
ing systems [35] .
Macleod, Rose and Weidmann [36] used a continuous-wave QCL tuneable from 7.81 –
7.85 µm with 50 mW of output power. Their standoff system was notable as it used a
heterodyne detection system. This involved using a ‘local oscillator’ (LO), an additional
wave to interfere with the standoff signal, and effectively amplify a small signal before
adding the noise contribution from the detector, allowing higher sensitivity compared
with using direct detection [37]. They used a fraction of their QCL beam as their LO,
which has the additional advantage of cancelling noise components from the laser. The
LO and signal scattered from the target were combined and measured using an mercury
cadmium telluride (MCT) detector. Another interesting noise effect considered was the
uneven reflection from a liquid drop or diffuse surface, which can cause the wave fronts
of the LO and signal to not overlap perfectly. This ’speckle’ noise was explored using a
rotating target to average out all the speckle imperfections.
Figure 1.8 is the spectrum of nitrous oxide (N2O) measured by focusing their laser beam
onto the target gas cell, reflecting the light from a spinning rough aluminium target be-
hind it. The data have been fitted to a model allowing the detection sensitivity of 0.28
ppm m Hz−1/2 to be calculated. Acknowledging the limited scenarios in which a spin-
ning background is applicable, they also tested a white gloss background at a distance of
30.2 m, with sensitivity of 13.7 ppm m Hz−1/2.
While this does show impressive sensitivity, the wavelength range is small. The type
of QCL used is known as a distributed feedback QCL, which incorporates a grating to
narrow the linewidth of the laser to 76 MHz (0.25 cm−1), and allow a small amount of
tuning. As demonstrated by Macleod, Rose and Weidmann [36] this is more than enough
resolution to detect the narrow absorption peaks in gases.
External cavity (EC) QCLs utilise the quantum cascade material more like a typical laser
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Figure 1.8: Example spectrum of N2O at a distance of 5.5 m with model fit and residual plot [36].
gain medium, and allow greater tuning. Hugger et al. [38] used a room temperature EC
QCL with tuning from 7.1 to 9.1 µm with a linewidth of 1 cm−1, with pulses of around
100 ns and a maximum average power of 40 mW. Tuning in a QCL is realised by scan-
ning a diffraction grating, and Hugger et al. utilise a microelectomechanical mirror for
fast scanning, covering the whole tuning range in approximately 100 µs. Their standoff
imaging technique is described in more detail in Section 4.1.
1.3.3 Mid-IR Supercontinuum
Supercontinuum (SC) generation in an optic fibre occurs if a high peak power pump beam
is coupled into a fibre which supports certain non-linear processes. A variety of nonlinear
effects such as four-wave mixing, self-phase modulation and stimulated Raman scattering
all contribute to the generation of a wide band of wavelengths. By pumping a ZBLAN
fibre (a fibre doped with a range of fluorides) using the amplified output of a 1543 nm
laser diode, a 3.9 W average power 1200 - 4300 nm spectrum was generated by Kumar et
al. [39] for standoff spectroscopy.
The SC output was collimated by a convex gold mirror (using a lens or any dispersive
optical element is impractical due to chromatic aberration) and aimed at a target 5 m
away, with the signal collected by a 12-cm diameter silver mirror. The mirror focused
the collected signal into the 2-mm slit of a monochromator, corresponding to a resolution
of 10.8 nm. The detector used was indium antimonide, requiring liquid nitrogen cooling.
The use of an optical chopper and lock-in amplifier lowered the noise in detection. Due
to the broad range of wavelengths, three different long pass filters had to be used to mea-
sure the whole spectral range of the SC, which were necessary to eliminate high order
wavelengths from the diffraction gratings used in the monochromator.
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Figure 1.9: Standoff spectra measured by Kumar et al. [39] of solid explosive samples on fused
silica.
Kumar et al. calibrated their system using a gold target which provides ideal Lambertian
scattering (scattering proportional to the cosine of the angle from surface normal). They
then used this as a reference to normalise their measured spectra. A range of samples were
tested; solid and powered explosives, as well as plain gypsum and pine wood, and alu-
minium painted with automotive paint and CARC. Figure 1.9 shows the measured spectra
of 4 different solid explosive compounds on fused silica. The expected spectral features
of each are visible (labelled by the authors), and it is certainly possible to distinguish be-
tween the different samples. It is interesting to note the presence of a peak 2750 nm in all
4 spectra. This is attributed to the O-H bond stretching in water in the fused silica.
In their analysis of their measured spectra for solid and powered explosives, the spectral
features were accounted for in detail, describing the individual molecular vibration caus-
ing a particular feature. They were also able to demonstrate clear differences between the
reflectance of CARC and different colours of paint. Utilising Pearson’s correlation co-
efficient they demonstrated the feasibility of a simple algorithm to compare an unknown
measured spectrum with a spectral library for identification.
More recently new fibre supercontinuum sources have been developed with mid-IR out-
put spanning into the fingerprint region. Petersen et al. demonstrated a chalcogenide
fibre which, when pumped with 6.3 µm short duration pulses, produced an extremely
broad supercontinuum spanning 1.4 - 13.3 µm [40]. Since then, improvements have been
made to produce similarly broad spectra with average power reaching 10s of mW (sum-
marised in [5]), including very recently using fibre tapering to reduce damage threshold
issues [41]. A barrier to practical use of these sources is the complicated pump sources
they require, and producing simpler and cheaper options is a topic of current research.
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1.4 Stand-off Raman
Raman scattering and infrared absorption are not generally viewed as competing spec-
troscopy techniques, but as complementary ones. This is because the different energy
states of a molecule may be active to one but not the other, as discussed in Section 1.2.
Raman requires only a single wavelength unlike infrared absorption, but is a weak ef-
fect; the elastic Rayleigh scattering will typically be 106 - 108 as intense as the Raman
scattering. Fluorescence (see Fig. 1.1) can also occur at the same time, this means Ra-
man bands can be difficult to detect. A particular strength though is the low Raman
cross section of water, making it more suitable for analysis of aqueous samples than in-
frared absorption [42]. Section 1.4.1 describes examples of standoff Raman detection,
while Section 1.4.2 considers related techniques. Several Raman systems specifically for
aerosol detection are detailed in Section 3.1.
1.4.1 Stand-off detection using Raman scattering
An extensive review by Izake [43] covers many developments up to 2010 in detection of
chemical hazards using standoff Raman spectroscopy. A typical detection system con-
sists of an excitation laser, a telescope for scattered light collection, and a dispersive
spectrometer with CCD array. If a pulsed laser is used, gating the CCD to only be on
when Raman photons are expected reduces background noise by reducing the ambient
light and fluorescent photons detected. In Izake’s review several Raman techniques used
to detect substances at long distances are discussed. A particularly interesting experiment
is mentioned where explosives are detected at up to 55 m away during different weather
conditions.
(a) (b)
(i)
(ii)
Figure 1.10: (a) TNT Raman shifts from both detectors described by Cox, Williams and Harp-
ster [44]. (b) Raman spectrum measured from a nitrogen mustard sample on concrete (i) and a
reference spectrum (ii) [45].
Cox, Williams and Harpster [44] described two systems for standoff Raman for detecting
smaller quantities of material. The first was hand-held and battery powered, utilising a
785 nm diode laser with a stand silicon CCD detector designed for distances under 3 m.
The other system used a 1047 nm Nd:YLF laser with higher power and a gated InGaAsP
CCD camera. Both were equipped with screens for aiming and auto-focusing features,
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as well as a library of Raman signatures for comparison. Figure 1.10 shows the signal
from standoff measurements of TNT by each system. The 1047 nm system benefited
from higher power, but also the gating detector reduced noise from background sources,
as well as exciting less fluorescence than at 785 nm. Clewes et al. [45] were able to detect
a 60 µl deposit of nitrogen mustard at a distance of 10 m, using the 1047 nm system.
1.4.2 Other Raman based standoff techniques
Coherent anti-Stokes Raman spectroscopy (CARS) uses two laser beams, to stimulate
emission from the anti-Stokes transitions, resulting in a much stronger signal. It has been
used to detect small quantities of explosives in solution [46]. CARS adds the complication
of requiring two pulsed laser beams to hit the target at the sample time, as well as one
beam requiring tuning to explore different energy level transitions. Rasskazov, Ryabtsev
and Dantus [47] used a fibre laser which was spectrally broadened in nonlinear fibre to
provide the tunable beam to simplify the setup. They measured Raman spectra of 1-
µg particles of explosive material on aluminium and glass surfaces. Stimulated Raman
scattering (SRS) also uses two beams, a pump and a second beam at the frequency of a
Stokes transition. Changes in the intensities of the two beams then reveal the presence
of an energy level. SRS has successfully been implemented to detect explosive simulants
using the broad bandwidth of an ultrafast laser pulse and a pulse shaper to tune wavelength
[48]. The different Raman processes are shown in Fig. 1.11.
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Figure 1.11: Energy level transitions for Raman scattering processes. Spontaneous scattering
requires a single pump frequency (ωpump), while stimulated scattering and coherent anti-Stokes
Raman scattering require a second frequency (ωstokes), tuned so that the difference in frequency
between the two matches the energy of a particular vibration (Ω = ωpump − ωstokes).
Another application of Raman is standoff detection through a barrier. Collecting a Raman
signal from a liquid through a barrier such as a bottle is possible, but the returned signal
will usually be too weak to detect as the barrier fluorescence is too strong. A technique
known as spatially offset Raman spectroscopy (SORS) involves measuring two Raman
spectra, one collected coincident with the excitation laser beam, and the second collected
with a spatial offset, as shown in Fig. 1.12(a). Subtraction of the two spectra allows the
sample spectrum to be distinguished from the barrier spectrum.
Frisby et al. [49] used SORS with a 785 nm laser to identify liquids in bottles in a range
of circumstances, exploring different colours and different thicknesses. Figure 1.12(b)
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(a) (b)
Figure 1.12: (a) Two spectra are collected in SORS, the second with a spatial offset from the
excitation beam. (b) The highly fluorescent contribution from the glass bottle is subtracted to
show the spectrum of the chemical inside [49].
shows an example of the highly fluorescent spectrum recorded from a glass bottle, with no
distinguishable Raman features, and the result from subtraction of the bottle contribution,
showing a clear match with the reference spectrum.
Stand-off Raman detection has applications outside of chemical and explosive detection.
As described in [50], a standoff Raman spectrometer is planned for the next generation
Mars rover. The compact size of instrument as well as the sensitivity and broad range
of detection capabilities make it suitable, for mineral composition analysis and also for
identifying evidence of life. Time and energy are precious resources on Mars, so being
able to make standoff measurements is a huge advantage, and means the limited on-board
sample collection and analysis facilities can be used efficiently.
1.5 Other spectroscopic standoff techniques
To complete the discussion on techniques for standoff detection by probing molecular
vibrations, this section briefly introduces some notable alternative approaches.
Laser induced breakdown spectroscopy uses a high peak power laser to turn the surface
of a material under investigation in plasma, which emits radiation with characteristic fre-
quencies. Standoff measurements of bulk explosive solid and powders have been made
this way [51]. The measurement made here is of atomic emission spectra, which is nat-
urally insensitive to different molecular isomers (such as the propanol case considered in
Section 1.2). It is also not a non destructive technique as a small amount of the material
under investigation will be turned to plasma.
Differential absorption LIDAR (laser detection and ranging) uses two laser beams of dif-
ferent wavelength to probe a single absorption feature. A difference in reflection between
a beam at the same wavelength as a substance’s absorption, and a beam of a different
wavelength indicates the presence of the substance. This is an effective technique for gas
detection [52], but not suited to liquid detection as it probes a single feature only.
Another technique uses IR absorption in a slightly different way, measuring the effect on
the temperature of a target, rather than reflected light. High sensitivity thermal cameras
make it possible to detect small changes in temperature, and a tuneable carbon dioxide
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laser has been used with this technique to identify small quantities of TNT at a range
of 150 m [53]. More recently a tunable QCL was used to examine different explosive
compounds [54], again using a thermal camera to measure increases in temperature.
1.6 Technique Comparison
While active illumination can be implemented using a blackbody radiator, the spectral
brightness of even a low power laser or OPO far exceeds it over any significant range [7],
meaning active laser illumination is the only viable option for most applications. Black-
body radiation does have the advantage of being cheaper and simpler, and has been used
successfully, for example recently in the context of distinguishing between four different
types of plastic for a recycling application [55]. No particular technique is suitable for
all applications and, though mainly coherent laser sources are the most appropriate, no
particular approach is best.
In Laser-based standoff detection of explosives: a critical review [51], a table comparing
different explosive detection techniques is presented, attempting to rank each method on
its sensitivity, range, complexity and other factors. The only real success of the table is
in demonstrating the difficultly in comparing different approaches. This section discusses
different parameters affecting the effectiveness and practicality of detection systems.
1.6.1 Reflection and scattering from substrates
The use of different targets and substrates presents possibly the single biggest difficult
in comparing techniques, and incidentally the different behaviours exhibited by surfaces
presents possibly the most significant challenge in standoff detection of liquid or solid
material on surfaces. Different surfaces will not only absorb different wavelengths of
light, but some will strongly specularly reflect incident light, while others might strongly
diffusely reflect light, or neither. The QCL used by Macleod, Rose and Weidmann [36]
achieves the highest sensitivity with a rotating reflection target behind the gas being mea-
sured, to reflect the light back for detection. This is interesting as it imitates a scenario
where the background is continually changing, such as on a moving vehicle, a plausible
situation for standoff detection. Their other test of a static background of white gloss paint
demonstrates impressive range, but is not a realistic background in a practical situation.
Zhang et al. [7] use a slightly more realistic concrete background with similar sensitivity,
but at a much shorter range.
The angle of measurement again poses serious problems in comparison. Zhang et al. [7]
measure the signal as they increase the angle from specular reflection, and find the signal
gets much weaker as the angle is increased. For this reason, it is difficult to compare
measurements made at different angles: for example Neely, Nugent-Glandorf and Did-
dams [8] make measurements at at 14◦ compared to the supercontinuum employed by
Kumar et al. measuring at only 2.3◦. The only exploration of a wide range of angles was
done by Clewes et al. [56]. They find detection easier at large angle from specular reflec-
tion, and even observe too much reflection at 0◦, with glinting from a discrete liquid drop
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saturating the detector. The properties of the material deposited on a surface, which could
be a solid, a powder, a liquid drop or liquid film, will also greatly influence the possibil-
ity of detection. These problems are encountered in imaging experiments in Chapter 4.
Chapter 3 looks at scattering from particles, which removes the difficult of interfering
backgrounds but adds a new factor in particle size dependent scattering effects.
Section 1.4.1 considered two mature Raman standoff detection systems. There is not
enough information to make any conclusions, but the effect of the substrate on the col-
lected spectrum appears to be smaller and more easily identified than in IR absorption
methods.
1.6.2 Resolution, tuning and spectral bandwidth
The resolution and tuning range also determine what substances can be detected. Gases
require higher resolution than liquids (see Section 1.2), and the QCL system [36] demon-
strates more than enough resolution for gas spectroscopy. The limited tuning range
presents a problem, and as a result distributed feedback QCLs may only ever be suited
to detection of specific transitions in a certain gas. The absorption features of liquids are
wider, and therefore do not require such high resolution. This means however that fea-
tures can easily overlap with those of the background or interferents, so generally a larger
bandwidth is required to confidently identify a liquid from more than one absorption fea-
ture. OPO sources certainly have the potential to tune across wide spectral ranges, and can
also produce fairly broad spectra instantaneously if pumped by a modelocked laser. Ex-
ternal cavity QCLs also have impressive broad tuning in the molecular fingerprint region.
Supercontinuum sources can address a huge spectral range with no tuning required.
With mid-infrared systems, the output intensity may vary with wavelength, so a method
for calibration to the source spectrum must be employed. Kumar et al. [39] use the gold
target to provide ideal diffuse reflection and use this to normalise their supercontinuum
spectrum, which has the additional benefit of accounting for wavelength dependence in
the diffuse scattering process. Maybe it is questionable whether use of calibration ob-
jects in the sample before or during analysis fall strictly within the definition of standoff
detection. In our experiments described in Chapter 3 we measure the source spectrum
simultaneously with the returned signal, allowing correct normalisation.
1.6.3 System practicality
Eye safety is a significant concern as a standoff system which emits a hazardous amount
of laser radiation will be limited in its uses. Both QCL techniques specifically state that
the output of their systems meet the conditions for eye safe operation. While there is not a
general consensus on eye safety, the justification of the safety claim by Hugger et al. [38]
is based on the average power output of their pulsed QCL beam, while recent guidance
from Public Health England [57] specifies that the peak power of individual pulses should
always be used in maximum permitted exposure calculations. Even so, mid-infrared does
not focus onto the retina, which 1 µm does, making eye safety for Raman systems a
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more significant concern. Longer wavelengths have a much lower Raman cross section
(although also do not excite so much fluorescence) making the use of a longer wavelength
excitation laser very challenging.
For many applications a degree of portability is required. The more mature system used
by Clewes et al. [56] is reasonably compact and robust. Less developed systems are still
assembled on optical benches, making the transition to portability an important challenge.
As discussed in Section 1.3.3, the fibre supercontinuum sources which offer a huge instan-
taneous output spectrum across the fingerprint region still require complex laser systems
to drive them, which is a significant limiting factor to their use in sensing applications.
Constructing an active standoff detection device without reasonably complex optics and
electronics is a challenging, but such systems do exist. An example is Cobalt Light Sys-
tem’s Resolve [58], a hand-held instrument utilising the SORS technique described in
Section 1.4.2 to identify liquids while they are inside a container. OPO and DFG systems,
as well as CARS techniques, may be impossible to reduce to a hand-held size, but it is
possible to build them in a compact package.
Power consumption is also a factor in system practicality. QCLs can be driven with a few
Watts, while the supercontinuum source used by Kumar et al. [39] uses 52 W of laser
diode pump power for its amplifier.
1.6.4 Conclusions
A range of different detection techniques have been described in this chapter. The devel-
opment of coherent mid-infrared sources is an area of active research, and QCLs, super-
continuum sources and nonlinear sources are all viable options, with no clear advantage
to any particular source. In Section 1.3.1 mid-IR sources based on a range of nonlinear
materials were described. OPGaP has only been developed recently, but the significant
advantage over OPGaAs and ZGP of being compatible with 1-µm lasers means its use
may become more widespread, and it certainly offers a route to simpler mid-IR OPOs.
This thesis focuses on the development and application of mid-infrared OPO sources, in-
cluding those using OPGaP, although the spectroscopy applications in Chapters 3 and 4
may be compatible with other sources.
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Chapter 2: Optical parametric oscillators for mid-infrared
generation
This chapter describes the generation of coherent mid-infrared light in optical parametric
oscillators. Relevant theory is introduced in Section 2.1. Section 2.2 describes Fourier
transform spectroscopy, an important tool used to measure the mid-infrared spectra gen-
erated. The laser and amplifier used to pump the OPOs are detailed in Section 2.3. OPOs
based on PPLN and OPGaP and their characteristics are described in Sections 2.4 and 2.5
respectively.
2.1 Background theory of optical parametric oscillators
This section describes the background theory required to understand optical parametric
oscillators (OPOs). The material in this section is mainly adapted from Fermann, Gal-
vanauskas and Sucha [1] and Boyd [2]. Dispersion of ultrafast pulses, which is important
to manage appropriately in an OPO is explained in Section 2.1.1. Sections 2.1.2 and 2.1.3
describe linear and nonlinear optics theory required to understand the phase matching
conditions for OPOs, which is explained in Section 2.1.4. Section 2.1.5 considers the
practical issues encountered in designing an OPO.
2.1.1 Ultrafast pulses
The electric field of an ultrafast pulse can be described as an oscillating field with fre-
quency ω0 under an envelope function, which could be a sech function of time t scaled by
a factor τ0:
E(t) = sech
(
t
τ0
)
e−iω0t (2.1)
A pulse described by this equation is shown in Fig. 2.1(a). If this pulse travels through
a dispersive medium, it will experience a phase shift dependent on frequency, which can
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Figure 2.1: The electric field of an unchirped (a) and positively chirped (b) pulse with the same
centre frequency ω0. The chirped pulse has a longer duration, and the maximum amplitude is
lower.
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be expanded around ω0:
ϕ(ω) = ϕ0 + (ω − ω0) ∂ϕ
∂ω
∣∣∣∣
ω0
+ (ω − ω0)2 1
2
∂2ϕ
∂ω2
∣∣∣∣
ω0
+ (ω − ω0)3 1
6
∂3ϕ
∂ω3
∣∣∣∣
ω0
+ ... (2.2)
The first order derivative term is the group delay (τg, describing the time delay experi-
enced when the pulse travels through a medium. It is also convenient to express this as a
function of wavelength and refractive index:
τg =
∂ϕ
∂ω
∣∣∣∣
ω0
=
L
c
(
n− λdn
dλ
)
(2.3)
with L as the distance the pulse propagates and dn
dλ
as the derivative of the real part of the
refractive index with respect to wavelength.
The second derivative term is called the group delay dispersion (GDD), and describes how
the group delay varies with frequency. GDD adds chirp, temporally broadening the pulse
and separating out frequency components within it, as shown in Fig. 2.1(b). A chirped
pulse can have GDD compensated for (for example in a grating compressor) to dechirp it.
The GDD from a medium can be calculated using:
GDD =
λ3L
2pic2
d2n
dλ2
(2.4)
with units of fs2 usually used. The third derivative is known as third order dispersion
(TOD), and leads to the break up of pulses. TOD cannot be compensated for with diffrac-
tion gratings, and will usually require a specially design optic coating, but this is only
necessary for pulses of 30 fs duration or lower.
The amount of group delay dispersion (GDD) compressed for by a grating pulse com-
pressor is calculated by [3]:
GDD =
lλ3
pic2d2
(
1−
(
λ
d
− sin γ
)2)−3/2
(2.5)
where l = distance between grating pair, γ = angle of incidence and d = the grating line
spacing.
2.1.2 Refractive index and Kramers-Kronig relations
Light travelling in a medium will interact with the molecules of the medium by inducing a
dipole moment in the electrons surrounding the molecule (the molecule may absorb light
if the wavelength corresponds to the energy of a vibrational mode of the molecule, see
Section 1.2). Light inducing a dipole moment will effectively be absorbed and re-emitted
at the same wavelength slightly later (this is why light travels slower in a medium than
in vacuum). In the linear optical regime these induced dipole moments can be modelled
as harmonic oscillators with a linear response to electric field strength. For low electric
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field (E(ω)) strengths, the electric polarisation of a medium (P (ω)), defined as the dipole
moment per unit volume, is described by:
P (ω) = 0χ
(1)E(ω) (2.6)
where 0 is the permittivity of free space, and χ(1) is known as the linear susceptibility.
This is a complex quantity χ(1) = χ(1)real + iχ
(1)
imag, a measure of how susceptible a material
is to polarisation in an electric field. The real part governs interactions which involve no
energy exchange with the medium such as dispersion, while the imaginary part determines
absorption or optical gain. χ(1) can be related to the linear refractive index n(λ):
n(λ) = nreal + inimag =
√
1 + χ(1) ' 1 + 1
2
χ(1) (2.7)
The linear complex refractive index is often written as N = n + ik, or n = n0 + ik or
something similar, but here the use of k is avoided, which stops it from being confused
with the magnitude of the wave-vector. For a given time, the electric field amplitude as a
function of position for a plane wave can be written as:
E(z) = E0e
i( 2pin(λ)zλ −ωt) = E0e
i
(
(nreal+inimag)z
λ
−ωt
)
= E0e
i( 2pinrealzλ −ωt)e
2pinimagz
λ (2.8)
so nreal affects the phase of the electric field (causing dispersion), nimag affects the ampli-
tude (causing loss or gain). The intensity of the field, I(z), can be calculated using Beer’s
law (or the Beer-Lambert law):
I(z, t) = I0e
− 4pinimagz
λ = I0e
−αz (2.9)
where
α =
4pinimag
λ
(2.10)
is known as the absorption coefficient.
The real and complex parts of the susceptibility are linked, through a relationship known
as the Kramers-Kronig relations:
Re
[
χ(1)(ω)
]
=
2
pi
∫ ∞
0
Im
[
χ(1)(ω′)
]
ω′dω′
ω′2 − ω2 (2.11)
Im
[
χ(1)(ω)
]
=
−2ω
pi
∫ ∞
0
Re
[
χ(1)(ω′)
]
dω′
ω′2 − ω2 (2.12)
These relations mean a medium’s nreal can be calculated from its absorption spectrum,
although as they involve integrals over all possible frequencies (or wavelengths) approxi-
mations are usually required. It does mean that an intensity measurement (Equation 2.9)
can provide information about the phase dependence nreal (using Equation 2.11). This
property is used in Section 3.3 where both the real and imaginary parts of the refractive
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index are required for the simulation of scattered light.
2.1.3 Nonlinear susceptibility and frequency mixing
Nonlinear optics describes a range of optical phenomena which are not linearly propor-
tional to the electric field strength of light. Equation 2.6 is not valid for strong electric
fields (where the model of linear dipole response starts to break down). Instead the polar-
isation is described using a power series to model the dipole response:
P (ω) = 0
(
χ(1)|E(ω)|+ χ(2)|E(ω)2|+ χ(3)|E(ω)3|+ ...) (2.13)
The second and third order susceptibilities, χ(2) and χ(3) are responsible for a range of
nonlinear optical phenomena. If there is a centre of symmetry in the medium, the polari-
sation must adhere to P (E) = −P (−E). Considering Equation 2.13, it is clear that χ(2)
must be equal to zero in this case. Therefore only a non-centrosymmetric medium will ex-
hibit χ(2) effects, reducing the number of usable materials to a few non-centrosymmetric
crystals, while any material will exhibit χ(3) effects.
If two frequencies of light (ω1 and ω2) propagate together in a χ(2) crystal, their electric
field can be described as E(ω1, ω2) = E1eiω1t + E2eiω2t. The polarisation becomes:
P (ω1, ω2) = 0χ
(1)
(
E1e
iω1t + E2e
iω2t
)︸ ︷︷ ︸
linear
+0χ
(2)
(
E21e
−i2ω1t + E22e
−i2ω2t)︸ ︷︷ ︸
frequency doubling
+ 20χ
(2)E1E2e
−i(ω1+ω2)t︸ ︷︷ ︸
sum frequency mixing
+20χ
(2) E1E
∗
2e
−i(ω1−ω2)t︸ ︷︷ ︸
difference frequency mixing
+20χ
(2) (E1E
∗
1 + E2E
∗
2)︸ ︷︷ ︸
optical rectification
(2.14)
This expression shows four frequency conversion processes which can occur: doubling
of each of ω1 and ω2, as well as the sum and difference frequencies. Generally, only one
new frequency can be generated efficiently, as the nonlinear crystal will have to be chosen
carefully to phase match (discussed in Section 2.1.4) one particular frequency conversion
process. Difference frequency mixing (or difference frequency generation (DFG)) is the
process that allows a smaller frequency, ω3 = ω1−ω2, to be generated. Using this process
two near-IR wavelengths can be mixed to generate mid-IR.
Difference frequency generation in an optical cavity resonating at ω2, ω3, or both, can
increase the efficiency of frequency conversion. This is known as optical parametric os-
cillation. To resonate, the cavity must fulfil a stability condition, so that the beam can
travel around it many times and a fundamental transverse mode is reproduced after each
round trip. A well-established matrix method can be used to calculate cavity stability [4].
In an optical parametric oscillator (OPO), the three frequencies are generally labelled as
ω1 = ωpump > ω2 = ωsignal ≥ ω3 = ωidler.
The third order susceptibility χ(3) is non-zero in centrosymmetric materials. Two-photon
absorption is an example of an effect of the imaginary part of χ(3), where two photons of
half the energy of a certain energy level can be absorbed at the same time. The real part of
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χ(3) produces the Kerr effect, where the refractive index changes slightly with intensity.
This means the higher intensity peak of a pulse will experience a different refractive index
to the edges, so as it travels, the pulse will experience a nonlinear phase change. This is
known as self phase modulation (SPM), and influences the temporal and spectral profile
of a pulse. If the change in refractive index due to the Kerr effect is positive, lower
frequencies shift to the front of a pulse and higher frequencies shift to the back. For
example, an initially unchirped pulse experiencing SPM will acquire chirp and broaden
spectrally.
2.1.4 Phase matching
A DFG process in a nonlinear crystal can generate ωidler radiation, but the pump and
idler waves will travel at different speeds in the crystal (the refractive index is different at
different wavelengths). This means that as the pump beam propagates through the crystal,
it has a different group velocity from the signal beam, so it generates a signal wave out
of phase with the already propagating signal beam. The distance over which a pi phase
difference accumulates between the pump and signal waves is called the coherence length.
The result over a distance longer than the coherence length is that the signal generation is
cancelled out by destructive interference. This problem can be overcome by preventing
this phase slip, by choosing the crystal properties to achieve phase matching. For some
nonlinear crystals this can be achieved using birefringence properties, but quasi phase
matching (QPM) is the only way to phase match some materials such as GaAs and GaP.
The simplest way to describe the phase matching conditions is by considering conserva-
tion laws. The energy of a photon of frequency ω is E = h¯ω, and the momentum is
p = h¯k (with wavenumber k = 2pin
λ
). Conservation of energy, ωpump = ωsignal + ωidler,
constrains the output frequencies, saying simply that the energy of a pump photon must
be the sum of the energy of a signal and an idler photon. Conservation of momentum
determines the phase matching condition:
∆k = kpump − ksignal − kidler = 2pinpump
λpump
− 2pinsignal
λsignal
− 2pinidler
λidler
(2.15)
∆k must equal zero for optimal phase matching, but there must be a term added to com-
pensate for dispersion. Shown in Fig. 2.2(a), a periodic grating structure with kgrating =
2pi
Λ
can achieve this, where Λ is the period of the grating.
Phase matching
1
𝑘𝑠𝑖𝑔𝑛𝑎𝑙 𝑘𝑖𝑑𝑙𝑒𝑟
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Λ
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Figure 2.2: (a) The wave vector mismatch between the pump and the signal and idler can be
compensated using a periodic grating. (b) A periodic pattern in the crystal axis of a nonlinear
crystal.
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The phase matching condition for a QPM material is:
∆k = kpump − ksignal − kidler − 2pi
Λ
(2.16)
Perfect quasi phase matching is realised at ∆k = 0. The efficiency of phase matching for
non-zero ∆k is proportional to sinc2
(
∆kz/2
)
.
Practically, QPM is realised by periodically inverting the crystal axis every coherence
length, shown in Fig. 2.2(b). QPM has several advantages over birefringent phase match-
ing: it allows non-birefringent materials (for example gallium arsenide and gallium phos-
phide) to be phase matched and it means the largest nonlinear coefficient of the material
can be used. The main disadvantage is the complexity of achieving domain inversion
within the material [5].
Below a temperature of 1210◦C, lithium niobate has a trigonal crystal structure and be-
longs to the 3m point group [6]. This group has no inversion symmetry, so lithium niobate
is non-centrosymmetric. It is also ferroelectric, so a poled structure can be introduced by
applying an external electric field. This is done using lithographic electrodes to pole do-
mains alternately with the desired period.
Both gallium arsenide and gallium phosphide exhibit the zincblende crystal structure,
and are not ferroelectric. It is feasible to stack many thin layers of GaAs together in
alternating orientations, as demonstrated recently [7]. A much more robust and flexible
approach uses molecular beam epitaxy and hydride vapour phase epitaxy to directly grow
the crystal with periodic inversions. This process is described for gallium phosphide in
Section 2.5.1.
2.1.5 Practical considerations for OPOs
An OPO must contain a nonlinear crystal in a stable cavity, as briefly discussed in Section
2.1.3. The OPO may be signal resonant, idler resonant, or doubly resonant (both idler
and signal resonating). The threshold of a doubly resonant OPO is lower, but can only
oscillate where both signal and idler cavity modes overlap, so the cavity length needs to
be very finely controlled. A basic signal resonant OPO layout is shown in Fig. 2.3.
In a signal resonant OPO pumped by ultrafast pulses, there is also a cavity length con-
straint. The signal beam gradually builds up from parametric fluorescence (quantum
noise) in a signal resonant continuous wave OPO. If a beam with pulses of the order
of picoseconds or femtoseconds is used, a single pulse is too short spatially to allow suffi-
cient amplification in a single pass. Synchronous pumping matches the cavity round trip
time (determined by the cavity optical path length) with the laser repetition rate, so an
input pulse overlaps in the non-linear crystal with the parametric fluorescence generated
by the previous pump pulse. This technique allows for optical parametric oscillation pro-
viding that the single pass gain signal noise is greater than the round trip cavity loss [8].
As a result the OPO is sensitive to small changes in cavity length.
The cavity length also permits a degree of wavelength tuning. The GDD of the cavity
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Figure 2.3: A basic signal resonant OPO.
Figure 2.4: (a) Diagram illustrating the beam waist ω0 and the confocal parameter b. (b) The
confocal parameter of the pump and signal will be equal.
depends on the optical path length and dispersion properties of the cavity. In a cavity
with overall positive dispersion, increasing the cavity length slightly (an increase in GDD)
means a slightly longer round trip time is required for synchronous pumping, so the signal
pulse oscillating will have a longer wavelength (which has a lower GDD in a positive
dispersion cavity, to balance the increase from extending the cavity length) [5].
When a Gaussian beam is focused, the radius at the focal point is known as the beam
waist, ω0. The confocal parameter, b, is the distance, centred on the beam waist, over
which the beam can be approximated as a plane wave:
b =
2piω20
λ
(2.17)
The confocal parameter is illustrated in Fig. 2.4(a). In an OPO, the waist of the signal
beam will be related to the pump beam by [9]:
bpump = bsignal (2.18)
Knowing the beam waist of the signal, Equation 2.18 can be used to find the beam waist
the pump should be focused to. Figure 2.4(b) shows this idea, where the waist of the
pump will be smaller than the waist of the signal. The waist of the signal is determined
by the cavity stability, so practically is set by the radius of curvature of the cavity mirrors.
Choosing the appropriate signal waist depends on several factors - too small a waist and
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the high power may damage the nonlinear crystal, too large a waist and the peak power
may not be high enough to generate the frequency conversion (χ(2) effects are intensity
dependent, shown in Equation 2.13).
2.2 Fourier transform spectroscopy
This section describes Fourier transform spectroscopy, the technique used to measure the
mid-infrared spectra generated by the OPOs described in later sections. Much of the
theory explained is adapted from Griffiths [10].
2.2.1 Fourier transform spectroscopy theory
A Fourier transform spectrometer (FTS) is a Michelson interferometer where one inter-
ferometer arm is scanned around zero path difference. A typical optical layout is shown in
Fig. 2.5(a), and (b) shows a CAD model of a practical spectrometer layout. A HeNe laser
is used to calibrate the mirror movement. It has a well defined wavelength of 632.8 nm
with a long coherence length - by counting HeNe laser fringes the movement of the mir-
ror can be accurately measured. The transmission through a Michelson interferometer is
determined by Equation 2.19:
I(λ, l) =
I(λ)
2
(
1 + cos
(
2pil
λ
))
(2.19)
where I(λ) is the input spectrum of light, and l is the mirror displacement from zero
path length (the optical path difference between the interferometer arms is 2l). An ex-
ample interferogram calibrated to the optical path difference between arms is shown in
Fig. 2.5(c).
The optical spectrum of the input light can be found by Fourier transforming the inter-
ferogram. This is shown in Equation 2.20, showing the spectrum written as a Fourier
transform of intensity transmitted:
I(λ) = 4
∫ ∞
0
(
I(l)− 1
2
I(l = 0)
)
cos
(
2pil
λ
)
dl (2.20)
Figure 2.5(d) shows an example spectrum obtained from the Fourier transform from
(c). This shows the spectrum from an OPGaP OPO transmitted through a polystyrene
spectroscopy reference (shown in Fig. 2.20). It has a calibrated absorption feature at
9.722 µm, clearly visible on the measured spectrum.
The resolution of a FTS, how large a difference in wavenumber two separate lines need to
be before they can be identified separately, is determined by the total distance the mirror
travels. This can be illustrated simply by considering a source of wavelength λ, with
a mirror travelling a distance L, with m fringes observed. Therefore L = mλ = m
ks
(ks represents the unit of wavenumber, typically measured in cm−1, not to be confused
with the wavevector k). The next resolvable wavelength will have m + 1 fringes after l,
so l = m+1
ks+∆ks
, where ∆ks is the wavenumber between the two different signals, or the
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Figure 2.5: (a) Layout of FTS. (b) CAD model of a practical FTS. (c) Example interferogram
calibrated to path difference. (d) Example spectrum from Fourier transform of interferogram in
(c) at 1.5 cm−1 resolution.
resolution. This rearranges to ∆ks = 1l , so a longer mirror travel yields higher resolution.
The resolution of the spectrum measurement example in Fig. 2.5(d) is 1.2 cm−1 (which
means a data point every 11 nm at 9.7 µm).
FTS has several advantages over dispersion based spectroscopy methods, which typically
use diffraction gratings or prisms to split an input signal into its constituent wavelengths
and record them on a CCD array. In a FTS, all wavelengths are measured simultane-
ously, which gives a better signal to noise ratio for a fixed measurement time, compared
to a scanning grating based spectrometer (Fellgett’s advantage). The Connes’ advan-
tage is due to using a HeNe laser as a reference for each measurement. This means the
wavelength scale is always calibrated properly, compared to a grating spectrometer which
might rely on calibration using a lamp initially, and may drift over times as the grating is
mechanically scanned. There is also the throughput advantage, which means more light
can be transmitted through a FTS than a grating spectrometer as no focusing through slits
is required (approximately 200 times more power can be put through an FTIR than a
grating spectrometer [11]).
2.2.2 Fourier transform spectroscopy practical considerations
A practical FTS (Fig. 2.5(a)) requires several mirrors. Typically metal mirrors are used,
with a small advantage in transmission possible by using unprotected gold mirrors rather
than silver. The mid-IR beamsplitter does not need to split the beam exactly 50/50, but the
signal strength will be diminished for unbalanced splitting. It is not possible in general
to get a beamsplitter that covers the whole mid-IR. In measurements detailed in later
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sections, beamsplitters from Thorlabs are used, either CaF2 covering 2 - 8 µm or ZnSe for
7 - 14 µm. A separate beamsplitter for visible light is used for the HeNe. The scanning
mirror is moved by mounting it to a speaker, and driving it with a signal generator and
amplifier. The HeNe fringes are recorded with a silicon photodiode, and the mid-IR
fringes with a detector suitable for the wavelength being measured, either PbSe or MCT.
Although Connes’ advantage means the wavelength scale should be accurately calibrated
by the HeNe, when the HeNe follows a different optical path and is split by a different
beamsplitter, there could be an angular difference between the HeNe and mid-IR beams
incident on the moving mirror. This results in incorrect calibration of the mid-IR fringes,
so care has to be taken to avoid this. The calibration can be separately verified, as shown
in Fig. 2.5(d) using a polystyrene reference.
Equation 2.20 shows how the spectrum is related to the interferogram over an infinite
integral (over an infinite optical path difference). The practical implication of a finite path
length is to limit the optical resolution, as discussed earlier, but also to add modulations or
sidebands to the spectrum. This effect can be mitigated by multiplying the interferogram
by an apodising function. For spectra with no high resolution features, this is not an issue.
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Figure 2.6: (a) Detector trace for a weak signal. (b) Trace from (a) Fourier filtered to only show
the narrow range of frequencies containing the interferogram (c) Shows the spectra from Fourier
transforming the interferograms in (a) and (b).
A weak interferogram can be completely invisible on the oscilloscope trace from a de-
tector. In Fig. 2.6(a), the interferogram is obscured by the high frequency noise from
the detector. By Fourier filtering the high and low frequency noise from the signal, the
interferogram can be seen, shown in Fig. 2.6(b). (c) shows that the spectra obtained from
Fourier transforming each signal are identical. This means aligning a weak signal onto a
detector can be challenging, a problem overcome by using electrical filtering before the
measurement oscilloscope (described further in Section 3.4.6).
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2.3 Laser and amplifier
A fibre master oscillator power amplifier configuration is used as the pump for OPOs
described in later sections. The laser is described in in Section 2.3.1 and the fibre amplifier
detailed in Sections 2.3.2 and 2.3.3.
2.3.1 Laser source properties
Generally, ultrafast lasers require some form of dispersion control. Positive or normal
group delay dispersion is often introduced by the material dispersion from cavity com-
ponents. This can be compensated for by introducing negative or anomalous dispersion.
Anomalous dispersion can be introduced geometrically, using prisms or diffraction grat-
ings, by using chirped mirrors or GTI mirrors, or in fibre lasers by using sections of
negative dispersion fibre [1]. Anomalous dispersion can also compensate for the non-
linear effect of self-phase-modulation (a χ(3) effect) causing lower frequencies to shift to
the front of a pulse, higher frequencies to the back).
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Figure 2.7: (a) Spectrum of Yb:fibre ANDi laser. (b) Absorption and emission cross sections of
Ytterbium [12].
Tamura et al. developed the stretched-pulse modelocked fibre laser [13]. Modelock-
ing was achieved by amplitude modulation from non-linear polarization rotation. The
pulses oscillating in the laser were chirped (stretched), with a lower peak power than an
unchirped pulse. Higher intracavity peak powers induce greater nonlinear effects, and this
can affect the stability of modelocking, so an oscillating stretched-pulse can have a higher
total energy while preserving the modelocking stability. Providing they accumulate only
second order dispersion, the pulses can be compressed after the output coupler to their
transform limited duration. Therefore a chirped pulse laser can produce higher pulse en-
ergies compared to net anomalous dispersion equivalents, without the need for dispersion
controlling elements in the cavity, reducing loss. The work of Tamura et al. was extended
by Chong et al. [14], who developed a ytterbium fibre laser with all normal dispersion
components in the cavity; named the ANDi laser by Andy Chong.
The laser used as the OPO pump is a Yb:fibre ANDi laser, pumped by two single mode
laser diodes at 975 nm. The particular laser used was built by Dr Carl Farrell. A minor
modification made to the original laser was adding an optical isolator directly at the out-
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put. This is to prevent reflections back into the laser cavity and damaging the pump diode
or disrupting the modelocking. The output power after the isolator is approximately 350
mW with a centre wavelength of 1037 nm (the spectrum is shown in Fig. 2.7(a)). The
layout of the laser is shown in Fig. 2.8.
Figure 2.8: Optical layout of laser and amplifier.
2.3.2 Laser amplifier design
Amplification of ultrafast laser pulses often uses a technique called chirped pulse am-
plification [1]. Trying to amplify unchirped pulses with high peak powers can lead to
nonlinear effects disrupting the amplification (especially in a fibre amplifier where the
mode area is small). By chirping the pulses first, they can be amplified with lower peak
power, reducing unwanted nonlinear effects. The pulses can then be compressed again
after the amplifier. As the output pulses from an ANDi laser are already chirped, they can
be amplified directly in a double clad Yb:fibre amplifier.
The laser is coupled into a polarization maintaining fibre using an adjustable focus col-
limator with 7.5-mm focal length, focusing the beam to a beam waist of 4.8 µm. This
focus is closely matched to fibre’s core diameter of 11 µm1. A large core diameter of 11
µm was chosen instead of 6 µm as this allowed greater absorption so a shorter length of
fibre could be used, while retaining single mode operation. Unwanted non-linear effects
are also reduced because of lower intensity in a large core. A fibre coupled (105 µm core
/ 125 µm cladding) multimode pump diode (JDSU L4-9897603-100C) is used as the am-
plifier pump laser, capable of producing up to 10 W. 90% of the output power is contained
in a bandwidth of 3 nm, this is important as the absorption cross section of Yb is narrow
at 976 nm, shown in Fig. 2.7(b). The temperature of the pump diode is monitored using a
thermistor and stabilised by a thermoelectric element.
The 976 nm pump and 1037 nm laser fibres are combined by wavelength division multi-
plexing in a pump combiner (LightComm) into a double clad fibre with the laser confined
to the 11 µm core and the pump to the 125 µm inner cladding. A polarisation maintaining
fusion splice connected this fibre to the double clad Yb doped fibre (Nufern PLMA-YDF-
10/125-VIII [15]). The fibre absorption at 976 nm is 4.8 dB m−1, it was planned to use 2
m, giving approximately 10 dB (90%) pump absorption. The actual length used was 1.5
m after cleaving each end. The end of the fibre was cleaved at an angle of approximately
7◦ to reduce reflection back through the fibre. An aspheric lens with 11-mm focal length
1Despite having 10 in the name of the fibre, the Nufern website lists the core diameter as 11 µm [15].
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collimates the output beam with a radius of 0.93 mm. The layout of the amplifier is shown
in Fig. 2.8.
2.3.3 Amplifier characteristics
The output of the amplifier passes through an optical isolator which transmits > 90% of
power at 1030 nm. The output power after the isolator was measured as a function of
the pump laser diode current, shown in Fig. 2.9(a). Using 10 A current, 3.5 W was
measured, but the system is generally operated at 8 A (giving 2.9 W). This is because at
higher currents, more undepleted 975 nm light exits the end of the Yb fibre, and seems to
cause thermal currents in the air, moving the end of the fibre, which causes beam pointing
instability. As the laser diode is designed to operate at up to 13 A current, the system
could operate at higher power if the fibre pointing issue was resolved.
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Figure 2.9: (a) Amplifier output power vs pump laser diode current. (b) Broadened spectrum of
amplified pulses for 8 A pump diode current. (c) Measured IAC of output chirped pulses and
compressed pulses (d). (e) Simulated IAC (GDD = 100000 fs2). (f) Simulated IAC for GDD =
10000 fs2.
The spectrum at 8 A is shown in Fig. 2.9(b). The amplifier spectrum is broadened com-
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Figure 2.10: Layout of grating pulse compressor.
pared to the laser spectrum (2.7(a)) due to self phase modulation in the Yb fibre. An
interferometric autocorrelation (IAC) measurement was made of the pulses. Figure 2.7(c)
shows the IAC trace, clearly showing considerable chirp. Figure 2.7(e) shows a simulated
IAC trace based on the spectrum in (b) with GDD dispersion added to try and match the
experimental trace. The trace shown in (e) corresponds to a pulse with GDD = 100000
fs2. The experimental and simulated traces do not match perfectly, and this is likely due to
higher order dispersion. Complete characterisation of the pulses would require a measure-
ment such as frequency resolved optical gating (FROG), but an approximate measurement
of pulse duration is sufficient here. The trace shown in (e) has a duration of 3.5 ps, so it
is reasonable to estimate that the amplifier output pulses are between 3-4 ps.
The chirped amplifier pulses can be used directly or compressed. A grating pulse com-
pressor was built using transmission diffraction gratings (Lightsymth LSFSG-1000 Series
[16]). The layout is shown in Fig. 2.10. Figure 2.7(d) shows the IAC trace of the com-
pressed pulses, and Fig. 2.7(f) shows a simulated trace matched to the experimental data.
Again, this can only give an estimated pulse duration of 170 fs (with transform limit of
130 fs). Based on the fitting, it is reasonable to assume 170±20 fs. 2.2 W is transmitted
through the compressor.
2.4 PPLN OPO
This section describes the design and characterisation of a PPLN OPO.
2.4.1 PPLN OPO design
Using the refractive index data for magnesium oxide doped periodically poled lithium
niobate (PPLN) measured by [17] Gayer et al. the phasematching efficiency (described
in Section 2.1.4) can be calculated. As the pump spectrum (Fig. 2.9(b)) contains a range
of wavelengths, the efficiency factor is weighted by the spectral density of the pump laser
to show conversion efficiency. The results of the calculation for a range of grating period
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Figure 2.11: Conversion efficiency for a 20-mm long PPLN crystal as a function of grating period,
calculated using the Sellmeier equation from [17].
values is shown in Fig. 2.11. PPLN crystals with gratings from 27.91 - 31.59 µm are
available as stock items [18], suitable for generating idler radiation from 2.1 - 4.2 µm.
To choose the crystal length, the walk off between the pump and signal wavelength in
the crystal is considered. Using a chirped picosecond pump pulse, the bandwidth of
the idler pulse can be maximised by matching the pump-signal walk off with the pump
pulse duration [19]. This can be explained by considering a chirped pump pulse, with
the longer wavelengths at the front of the pulse and the shorter wavelengths at the rear.
If the signal has a narrow bandwidth and enters the crystal at the same time as the front
(longer wavelength end) of the pump pulse, and propagates through the crystal more
slowly than the pump so overlaps with the end of the pump pulse (shorter wavelengths)
as it exits, it can drive generation of idler photons from the whole spectrum of the pump
pulse, resulting in a broadband idler. If the crystal is too short, the signal will not interact
with the whole bandwidth of the pump, and if it is too long then there will be additional
unnecessary loss as the signal and pump will not overlap during some of the crystal transit
and therefore will not drive any idler generation.
The group delay can be calculated with the Sellmeier data from [17] and Equation 2.3.
Figure 2.12(a) shows the walk off (τgpump− τgsignal) for the available crystal lengths of 10,
20 and 40 mm. In a 40 mm crystal the walk-off would be too much for signal wavelengths
of 1.5 µm or above, so a 20 mm crystal was chosen.
The OPO cavity was designed as part of an aluminium breadboard also containing the
laser and amplifier. To keep it compact, an asymmetric linear cavity was used. For syn-
chronous pumping, the cavity length had to be 1482 mm to match the repetition rate of
the laser of 101.2 MHz (a ring cavity would need to be 2964 mm). The cavity stability
was simulated using the software LCAV for a range of focusing lens and curved cavity
mirror radii of curvature to find the best combination to meet the mode matching condi-
tion described in Section 2.1.5. The cavity stability with changing separation between the
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Figure 2.12: (a) Pump-signal walk off vs signal wavelength for crystal lengths of 10, 20 and
40 mm. (b) Cavity stability factor g1g2 (dimensionless) as a function of the distance between the
curved cavity mirrors and the PPLN crystal.
curved cavity mirrors and PPLN crystal for the tangential and sagittal planes is plotted in
Fig. 2.12(b). This data is for a symmetric linear cavity, which is a close approximation to
the slightly asymmetric linear cavity design that was chosen to save space.
Cavity mirrors of 150-mm radius of curvature were chosen, resulting in a 48 µm signal
beam waist. A lens of 75-mm focal length was chosen to focus the signal beam to 41 µm
in the centre of the PPLN crystal. This means the confocal parameter of both the pump
and signal are approximately 10 mm. It would seem sensible to match the confocal focal
parameter to the nonlinear crystal length of 20 mm, this idea is discussed by Guha, Wu
and Falk [20], who conclude that this is not always the most efficient configuration (the
optimum confocal parameter is not fixed, it depends on the OPO characteristics). The
OPO breadboard design did allow for larger curvature mirrors to be used, making the
confocal parameter of the signal closer to 20 mm, but the OPO worked efficiently in the
configuration described, so this option was not pursued. As mentioned in Section 2.1.5,
there are also disadvantages to using a larger focus in the crystal.
Figure 2.13 shows the cavity layout, emphasising the mirror specifications (it does not
show the folding mirrors). The cavity mirrors used were originally designed for the OPO
described in [21], with high reflectivity and low GDD for 1.16 - 1.6 µm, and high trans-
mission for 1.02 - 1.06 µm and 3 - 5 µm. The signal reflectivity permits efficient gener-
ation of idler wavelengths above 3 µm. An output coupler of 15% is used to extract the
signal. A second mirror set with high reflectivity from 1.5 - 2.05 µm and high transmis-
sion from 2.1 - 4 µm was suitable for generating idler wavelengths from 2 - 3.4 µm. Again
as shown in Fig. 2.13 the idler is transmitted through a curved mirror and collimated by
a CaF2 lens. The undepleted pump is also transmitted through this curved mirror, and is
removed using a germanium filter (AR coated for 3 - 12 µm) which absorbs wavelengths
below 1.7 µm.
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Figure 2.13: PPLN OPO cavity showing mirror specifications (cavity arm lengths are not to scale).
Figure 2.14: (a) CAD design layout of laser, amplifier OPO. (b) laser (right), amplifier (top left)
and OPO cavity (bottom left).
2.4.2 PPLN OPO characteristics
Figure 2.14(b) shows a photo of the laser, amplifier and OPO built on a breadboard,
compared to the design shown in (a). Using the amplifier at 8 A (producing 2.7 W of
pump power), the idler spectra and powers from the OPO are shown in Fig. 2.15(a), with
the signal data shown in (b). The idler can tune from 2.6 - 4.2 µm, with oscillation possible
on 8 of the 9 PPLN gratings. Over 250 mW is generated for the output wavelength of 3.2 -
3.5 µm using the Λ = 29.98 µm, particularly useful for infrared absorption spectroscopy
of hydrocarbons.
The second mirror set (HR for 1.5 - 2.05 µm) made it possible to resonate the longer
signal wavelength from the Λ = 31.59 µm. The idler spectra and output powers from
this are shown in Fig. 2.16. The anti-reflection coating on the Ge window was for 3 -
12 µm, so the shape of the spectra and output powers below 3 µm may be affected. The
OPO could oscillate on 4 of the PPLN gratings using these mirrors, and as the longer
idler wavelengths were of more use for spectroscopy applications, the initial mirror set
was used in experiments presented later.
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Figure 2.15: Idler (a) and signal (b) spectra from PPLN OPO.
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Figure 2.16: Idler spectra from PPLN using alternative mirrors.
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2.5 OPGaP OPO
Section 2.5.1 introduces OPGaP and its useful properties, and briefly describes the fabri-
cation process for OPGaP based on text written by P. G. Schunemann in [22]. The design
of an OPGaP OPO is presented in Section 2.5.2, and its properties described in Section
2.5.3.
2.5.1 OPGaP introduction
Orientation patterned gallium phosphide (OPGaP) [23] is a newly developed quasi phase
matched nonlinear material. As explained in Section 1.3.1, OPGaP has low 2-photon
absorption > 1 µm and transparency to 12 µm. Figure 2.17 shows the transmission for a
1-mm crystal. This means the laser system described in Section 2.3 can be used to pump
an OPGaP OPO to produce idler radiation up to 12 µm.
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Figure 2.17: Transmission for 1-mm OPGaP crystal (excluding Fresnel reflections), calculated
using data from [23].
An OPGaP wafer was prepared by Peter Schunemann (BAE Systems) with eighteen dif-
ferent patterning periods. It was grown using the all-epitaxial processing method devel-
oped for the growth of OP-GaAs at both Stanford University [24, 25] and the University
of Tokyo [26, 27]. A polar-on-nonpolar molecular beam epitaxy (MBE) template is used
to produce a III-V semiconductor layer whose orientation is inverted relative to that of
the substrate. This process begins with a 76.2-mm-diameter undoped GaP substrate, on
which several buffer layers and a smoothing layer were grown before the growth of a
200-nm thick GaP inverted layer free of anti-phase domains at the surface. The inverted
layer was then photolithographically patterned with a multi-grating mask, and alternating
domains were reactive-ion etched in BCl3 down to the starting substrate. After removal
of the photoresist, MBE was again used, effectively filling in the gaps left by the pho-
tolithography with non-inverted GaP. The result is a 2-µm-thick structure with alternating
GaP orientations set by the grating mask.
This structure is extended by loading the OPGaP template into a low-pressure hydride
vapour phase epitaxy (HVPE) reactor. GaP is formed according to Equation 2.21:
GaCl + PH3 → GaP + H2 + HCl (2.21)
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HCl gas flows over high-purity molten Ga in the reactor to form the GaCl vapour, reacting
with a flowing ’sheet’ of PH3 to form GaP. At a growth temperature close to 800 ◦C, high-
quality epitaxy was achieved with an average growth rate 500 times faster than MBE of 96
µm/hr. The resulting wafer is shown in Fig. 2.18, and showed excellent vertical, parallel
domain propagation even for the smallest periods (although these cease to propagate after
a few hundred microns of growth for reasons that are not well understood). Also shown on
Fig. 2.18 are microscope images of the cross sections of each grating, showing how well
the grating structure propagates in each case. For example, for λ18 = 16 µm, the smallest
period, the grating structure completely disappears after about 150 µm. For λ9 = 102
µm, the grating propagates for the entire distance. Usable crystals were obtained for each
period. The shorter periods here are for use with a 1-µm pump laser, as described in
section 2.5.2. The fabrication process is described in detail in [28].
Figure 2.18: The 75-mm OPGaP wafer is shown, with each grating region labelled. Microscope
images of the cross sections of each are shown, revealing the domain-period growth. The inset
on the bottom right shows a diced and anti-reflection coated crystal (grating vector normal to the
page).
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2.5.2 OPGaP OPO design
Figure 2.19 presents the phasematching conversion efficiency map for a 1-mm-long OP-
GaP crystal, calculated by weighting the efficiency factor with the pump spectrum, the
same as with the PPLN calculation in Fig. 2.11. The Sellmeier equation measured by
Parsons and Coleman is used [29]. Despite being measured at far infrared wavelengths,
it is considered the standard Sellmeier to use for near- and mid-infrared, and a recent
measurement of a temperature dependent Sellmeier uses it as the reference to fit to [30].
This calculation illustrates the suitability of using 1-mm crystals for the OPO. Idler gen-
eration is possible throughout the OPGaP transparency window by varying the quasi-
phasematching period from 15 - 35 µm, values which are compatible with the growth
technique.
Figure 2.19: Conversion efficiency for a 1-mm long OPGaP crystal as a function of grating period.
As shown in Fig. 2.18, suitable gratings of 21.5, 24,5, 27, 29, 31, 32.5 and 34 µm were
fabricated. Crystals with lengths of 1 mm were diced from the wafer and polished. These
were coated for anti-reflection (AR) for near- to mid-infrared wavelengths (1.02 - 1.06,
1.15 - 1.35 and 5 – 12 µm) by Twinstar Optics. The inset of Fig. 2.18 shows a 6-mm-tall
coated OPGaP crystal.
The beam was focused using a 40 mm focal length lens to a radius of 18 µm in an OP-
GaP crystal within a signal resonant OPO ring cavity (the signal focus in the crystal is 18
µm). The cavity length was 2966 mm, so its repetition rate matched the repetition rate
of the laser (101.2 MHz), for synchronous pumping. The layout of the OPO is shown
in Fig. 2.20. The coating of one spherical mirror was optimized for transmission at the
pump wavelength of 1040 nm and for high reflectivity at the resonant signal wavelength
in a range from 1.15 – 1.35 µm, while the other spherical mirror collimated the idler beam
emerging from the OPGaP crystal and was silver coated to provide high reflectivity for
all idler wavelengths. Using a metal mirror rather than a lens as in the PPLN OPO in
Section 2.4.1 to collimate the idler beam also avoids chromatic aberration issues when
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Figure 2.20: Synchronously pumped OPGaP OPO and Fourier-transform spectrometer.
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Figure 2.21: (a) Λ = 21.5 µm OPGaP crystal within OPO cavity. (b) Visible light from Λ = 34
µm, measured with an Ocean Optics spectrometer.
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tuning the wavelength. This collimated idler beam was output-coupled from the cavity
by transmission through a plane mirror coated with high transmission for the idler wave-
lengths (5 – 12 µm) and high reflectivity for the signal wavelengths (1.15 – 1.35 µm) on
an infrared-transparent ZnSe substrate. The OPO cavity mirrors were manufactured in a
custom coating run from Twinstar Optics. Mirror coatings with these exact specifications
present a manufacturing challenge. Layertec are unable to make coatings with transmis-
sion above 8 µm due to the silicon and silicon dioxide layers they use for mid-IR optics.
Laseroptik were also unable to design a suitable coating.
The translatable mirror was mounted on a translation stage with a differential micrometer
actuator for fine cavity length tuning. The OPO was brought into synchronism with the
pump pulses by manual adjustment of the cavity length. The OPO was aligned using the
green beam corresponding to second harmonic generation (SHG) of the pump beam in
the OPGaP. The beam was very weak as OPGaP absorbs green light, but still suitable for
alignment. When the OPO was oscillating, visible light corresponding to the signal SHG
and the sum frequency mixing of the pump and signal was visible. Figure 2.21(a) and (b)
show examples of the visible light generated.
2.5.3 OPGaP OPO characteristics
A Michelson interferometer with one arm scanning at 2 Hz was used as a Fourier trans-
form spectrometer, with resolution of 1.2 cm−1. A liquid nitrogen cooled mercury cad-
mium telluride (MCT) detector, sensitive from 3 – 12 µm, was used to record idler spectra
from seven OPGaP crystals with domain periods from 21.5 – 34.0 µm. Spectra centred
from 5.4 – 11.8 µm and extending to 12.5 µm are presented in Fig. 2.22(a), together
with average power measurements for each crystal. Atmospheric water absorption is evi-
dent in the two shortest wavelength spectra, while at longer wavelengths clean spectra are
obtained since the 8 – 12-µm band corresponds to an atmospheric transmission window.
The MCT detector sensitivity tails off at wavelengths > 11.8 µm, and this likely affects
the shape of the Λ = 34 µm spectrum. A different mirror set with high reflectivity from
1.10 – 1.25 µm was used for the 31, 32.5 and 34-µm gratings. The maximum average
power was 55 mW at 5.4 µm with 7.5 mW being recorded at 11.8 µm. Idler powers were
recorded directly after an anti-reflection coated Ge window and do not account for losses
from the silver mirror or the window. The oscillation threshold is greater for longer idler
wavelengths. This partially accounts for the decreases in output power, along with the
lower quantum efficiency. Figure 2.22(b) presents signal spectra recorded for different
domain periods, illustrating the modest tuning needed to provide extensive mid-infrared
coverage. Only three spectra are presented here for clarity. Data in Fig. 2.23 representing
the 10-dB bandwidths of the idler spectra show that the Sellmeier equations used to cal-
culate the OPGaP phasematching [29] can roughly predict the observed tuning behaviour,
despite being measured at much longer wavelengths. The calculation predicts smooth
idler and uneven signal spectra, consistent with the measured spectra.
The OPGaP OPO exploits reliable and high power 1-µm Yb laser technology, rather than
less mature 2-µm pump sources. The average power is also high for a spectrally broad
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Figure 2.22: (a) Idler spectra and (right axis) measured power. (b) Selected signal spectra and
(right axis) measured power. Diamond markers represent measurements made using different
cavity mirrors to the square markers.
Figure 2.23: Phasematching data from Fig. 2.19, split to see the detail for both signal and idler
wavelengths. The white vertical bars depict the experimentally observed -10-dB signal and idler
bandwidth. The signal bandwidths for Λ = 32.5 and 34 µm were not measured, as it was not easy
to get the OPO to oscillate with a signal output coupler.
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Figure 2.24: Spectral brightness of the OPO plotted at the centre wavelength of each idler spec-
trum, compared with high power difference frequency generation [31] and a synchrotron IR beam-
line [32].
coherent mid-infrared source: even above 10 µm, several milliwatts are produced, high
in comparison with other sources described in Section 1.3.1. When spectral brightness
or brilliance (power per unit optical frequency, accounting for beam area and divergence)
is considered, the advantages of an OPO source are even more apparent. The spectral
brightness is defined as:
spectral brightness =
#of photons
second
1
[A] · [θ] · [power in 0.1% bandwidth] (2.22)
whereA is the beam area and θ is the beam divergence. The highest brilliance fingerprint-
region source reported produces 4.9 × 1019 ph s−1 mm−2 sr−1 0.1%BW−1 at a centre
wavelength of 11.5 µm [31] (a 103-mW spectrum covering 6.7-18 µm). The method
used in [31] to calculate the spectral brightness was implemented for the OPGaP OPO as
follows. At a central wavelength of 11.8 µm an average output power of 7.5 mW was
measured. The power contained within a bandwidth of 0.1% of the central wavelength
was 0.10 mW, or 6.1 × 1015 photons s−1 0.1%BW−1. The signal beam waist in the
OPO was 19 µm (from cavity stability matrix calculations) and we assumed a diffraction
limited idler beam with the same waist size. The idler beam area (1.13 × 10−3 mm2) and
divergence (197 mrad) gave a solid angle of 0.12 steradians and so implied a brilliance of
4.1 × 1019 ph s−1 mm−2 sr−1 0.1%BW−1. The OPGaP OPO does not cover such a broad
range simultaneously as the source in [31], but reaches a comparable brilliance of 4.1
× 1019 ph s−1 mm−2 sr−1 0.1%BW−1 at the longest centre wavelength of 11.8 µm, 5.8
× 1019 ph s−1 mm−2 sr−1 0.1%BW−1 for a centre wavelength of 10.8 µm, and exceeds
1020 ph s−1 mm−2 sr−1 0.1%BW−1 for all outputs below 10 µm. Figure 2.24 shows these
comparable values, along with the spectral brightness obtained from a synchrotron IR
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beamline [32], which is orders of magnitude lower.
2.6 Conclusions
Optical parametric oscillators offer a route to coherent mid-infrared generation, and when
pumped with a modelocked laser, can produce a broad spectrum. OPOs producing broad
output spectra tunable from 2.1 - 4.2 µm and 5 - 12 µm have been built and their char-
acteristics have been described in this section. Based on a mature nonlinear material, the
PPLN OPO is a standard route to mid-IR generation, and used in chemical sensing inves-
tigations in Chapters 3 and 4. The OPGaP OPO is a new source of coherent, spectrally
broad radiation in the fingerprint region (as discussed in Section 1.3.1) and is used as an
illumination source for experiments detailed in Chapter 3. The OPGaP OPO has been the
subject of a journal publication [22] and a presentation at Photonics West [33].
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Chapter 3: Aerosol scattering
Motivated by the proposition that Mie scattering modifies the spectrum of light scattered
by an aerosol, relative to that of the constituent chemical’s transmission spectrum, this
chapter examines how aerosols scatter mid-infrared light. Section 3.1 introduces the
problem, before Section 3.2 looks at scattering from 3 - 3.6 µm light from the PPLN
OPO described in Section 2.4. In Section 3.3 a model developed to understand how the
size of the aerosol particles influences the scattered light spectra is described. Section 3.4
looks at scattering of longer wavelengths generated by the OPGaP OPO (Section 2.5) and
compares the results to the simulation. Section 3.5 concludes this chapter with a summary
of key findings and their implications.
3.1 Background and challenges of aerosol scattering spectroscopy
An aerosol is an ensemble of small particles suspended in a gas. Aerosol monitoring is
important as atmospheric aerosols have an impact on health, the environment and climate
change [1], and chemical threats such as toxic industrial chemicals and chemical warfare
agents (CWAs) may be dispersed as aerosols. Detection of these threats is important in
mitigating the damage they could cause.
Optical aerosol sensing presents a different challenge to gas sensing. As described in
Section 1.2, gases have sharp, narrow absorption features, so typically require a narrow
linewidth source or high resolution spectrometer to measure their mid-IR absorption spec-
tra, while liquids have broader absorption features. Mid-IR liquid aerosol spectroscopy
therefore requires a broadband source, but does not require high spectral resolution, mak-
ing the OPOs described in Sections 2.4 and 2.5 combined with FTS (Section 2.2) suitable.
The rest of this section reviews previous work examining aerosols’ mid-IR spectra, focus-
ing on measurements of scattered light.
The scattering and absorption of light by a sphere of any diameter is described by Mie
theory [2] (see Section 3.3, which discusses the physics of the interaction between light
and small particles). Although developed very early in the 20th century, the practical
predictions of Mie theory could only be made—and as a consequence tested experimen-
tally—once computers of sufficient computational power became available.
Arnold, Neuman and Pluchino [3] described the first measurement of the absorption spec-
trum of a single aerosol particle in 1983. They measured the absorption spectrum of
a signal particle of a 5.4 µm ammonium sulphate ((NH4)2SO4) solution drop between
970 – 1280 cm−1, observing a clear absorption feature, consistent with both absorption
spectroscopy of (NH4)2SO4 and Mie calculations of the absorption spectrum using the
complex refractive index of (NH4)2SO4. Their experiment did not measure the mid-IR
wavelengths directly. As scattering of light from a single sphere experiences narrow and
strong resonances at particular wavelengths, they used a narrow linewidth visible probe
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laser, tuned to the short-wavelength edge of a narrow resonance. If the particle shrinks in
size, the resonance wavelength will shift down, so more probe laser light will be scattered.
Arnold, Neuman and Pluchino used a Globar as a mid-IR source, narrowing the spectrum
with a monochromator wedge. The mid-IR light was focused onto the particle. As the
wavelength was tuned, when the particle absorbed more strongly it heated up, reducing
the diameter (as some of the water in the solution escapes to become vapour), and causing
more visible light to be scattered. This visible scattered light was collected using a tele-
scope and measured with a photomultiplier tube. While their experiment used scattered
light, it in fact made an absorption (not scattering) spectrum measurement.
This method, which is referred to as structure resonance modulation spectroscopy (SRMS)
as well as photothermal modulation of Mie scattering (PMMS), was also utilised in recent
work by Sullenberger et al. [4]. Using a tuneable quantum cascade laser (QCL) instead
of a Globar as a mid-IR source, they measured the absorption of silica and PMMA mi-
crospheres while simultaneously imaging the spheres. PMMS relies on scattering, but
makes a measurement of absorption. The most well-established technique in which light
scattered from an aerosol provides the measured signal is differential absorption LIDAR
(DIAL), but here the aerosol (mainly atmospheric water droplets) serves primarily as a
retroreflector to permit the path-integrated gas concentration to be measured (e.g. CO2
concentration [5]) by using two wavelengths, one on resonance with an absorption fea-
ture, and one off resonance.
LIDAR using a CO2 laser has been used to reveal the scattering behaviour for different
particle sizes [6] but, to our knowledge, beyond LIDAR experiments limited to the wave-
length range of CO2 lasers [7], no other results using infrared aerosol backscattering with
active illumination have been reported. Fluorescence emission and laser induced break-
down spectroscopy have also been attempted for aerosol identification [8].
Most reported measurements of scattering from aerosol particles have been made at a sin-
gle, visible or near-IR wavelength (a range of measurements is discussed in a review by
Miles, Carruthers and Reid [9]). There are only a few examples in the published literature
of measured mid-infrared optical properties. Several optical techniques have been re-
ported in an attempt to develop systems to measure the optical cross sections for chemical
or biological aerosols, but have been limited in their abilities to provide complete aerosol
identification. Gurton et al. [10] used a Nernst glower source covering a broad spectral
band (3 - 13 µm) transmitted through a chamber containing aerosol to measure the extinc-
tion using an FTIR spectrometer. A range of materials was examined, with the measured
extinction for some materials showing good agreement with their calculated values. The
aerosol size distribution and mass density were measured simultaneously with the spectral
extinction, because Mie theory calculations are strongly affected by these parameters. By
incorporating photoacoustic spectroscopy with a CO2 laser, simultaneous measurements
of aerosol absorption were also made for aerosols of liquid CWA simulants [11]. Photoa-
coustic spectroscopy uses a laser modulated at an acoustic frequency; the absorption of
the laser induces a pressure difference, and the acoustic wave strength can be measured
to determine the amount of absorption, making the signal insensitive to scattering. In
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the 9.2 - 10.7 µm laser wavelength range studied in [11], photoacoustic absorption mea-
surements were found to agree broadly with the Mie theory absorption predictions. The
extinction was found to either be dominated by absorption, or to involve a significant con-
tribution from both scattering and absorption, depending on the chemical. This technique
was limited by the low resolution of the refractive index data they used for Mie theory cal-
culations (the resolution of the data was about 10 cm−1, which means 1 data point every
100 nm at a wavelength of 10 µm). A further limitation was the limited tuning available
from a CO2 laser.
There is only one example of a direct scattered light spectral measurement of single par-
ticles, at discrete wavelengths of 3.4 and 5.1 µm [12]. The scattering patterns from indi-
vidual drops of normal and heavy water were directly imaged onto an InSb focal-plane
array at these wavelengths, using cryogenically cooled interband cascade lasers as the il-
lumination source. By imaging the scattering of individual particles, the researchers could
directly see Mie scattering patterns, and compare these to Mie theory.
These are the only examples of mid-infrared aerosol scattering measurements we are
aware of other than our own, which makes the results reported in Sections 3.2 and 3.4
the first measurements of mid infrared aerosol scattering over a broad spectrum, rather
than just at discrete wavelengths.
Raman scattering is another technique for probing molecular vibrations, and some aerosol
detection techniques based on Raman have been reported. A Raman scattering system has
been used to identify trace amounts of an aerosol of isovanillin [13], measuring a Raman
peak for a trace amount of 1.6 pg cm−3. The system used an aerosol concentrator to
improve detection sensitivity, with the laser focused into the aerosol and forward scat-
tered Raman photons detected. No information was provided on the particle size of the
isovanillin, only that the aerosol concentrator rejects any particles with a diameter above
10 µm. The only other reported aerosol detection system which quantified detection sen-
sitivity used dynamic photoacoustic spectroscopy (DPAS) to assess the absorption from
silica spheres using a tunable CO2 laser [14] with an estimated minimum detectable con-
centration of 500 particles mL−1 due to their absorbance.
Another Raman system is described in [15], which used again a flow- through geome-
try to collect backscattered Raman photons. Some measurements of soot/dust and other
aerosols were presented, as well as some characterisation with polystyrene latex spheres.
These Raman aerosol detection systems have not been used to detect liquid aerosols,
which is the focus of this Chapter, but are still relevant to a discussion of aerosol detec-
tion and monitoring systems.
3.2 Aerosol spectroscopy in the 3-µm region using a MgO:PPLN femtosecond OPO
This section describes an experiment to measure the scattering from an aerosol using the
mid-infrared beam from an OPO as the illumination source (Section 3.2.1), and presents
spectra from several different chemical aerosols.
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3.2.1 Backscattering experiment
The use of backscattered light for standoff identification offers a reduced risk of harm
from dangerous aerosols by avoiding the need to collect a sample for analysis, therefore
eliminating the possibility of human contact with a toxic material. This experiment is
an extension of an approach to implement standoff spectroscopy of liquid chemicals de-
posited on non-compliant surfaces (e.g., concrete, painted metal) [16], aiming to identify
the chemical constituent of an aerosol by measuring the broadband spectrum of backscat-
tered mid-infrared radiation.
The OPO described in Section 2.4 was used as the mid-IR illumination source. The
OPO idler pulses entered a Michelson interferometer scanning at 2 Hz, which acted
as a Fourier-transform spectrometer (see Section 2.2) providing a spectral resolution of
3 cm−1. After the interferometer the idler power was 70 mW, lower than the 250 mW OPO
output due to the 50% loss from the interferometer and additional losses from the metal
mirrors and Ge filter used. A weak reflection from a calcium fluoride (CaF2) window was
used to sample the idler spectrum to provide a reference measurement. A mid-IR neutral
density (OD 2) filter was also used, as the power even in a weak reflection saturated the
uncooled lead selenide (PbSe) mid-IR detector. The use of neutral density filters is not
ideal as they add strong interference fringes to the measured spectrum due to an etalon
effect. This is only a problem when trying to make measurements at resolution of 1 cm−1
or higher. The beam was then directed into the aerosol.
The aerosol was produced by using a medical nebulizer, designed for creating aerosols
for inhalation with a mass median aerodynamic diameter of 3.0 µm. The p-polarized idler
beam after the CaF2 window had a 3.2-mm diameter and passed 10 mm above the outlet
of the aerosol nebulizer. Idler radiation scattered by the aerosol was collected by a 50-mm
diameter, 100-mm focal length CaF2 lens that imaged the scattering point onto another
PbSe detector, identical to that used for the reference measurement. This arrangement
is shown in Figure 3.1, with the inset showing a HeNe laser beam, co-aligned with the
mid-IR beam, scattering as it passed through the aerosol.
Figure 3.1: Optical arrangement for recording the reference and scattered spectra. Inset: He-Ne
laser beam scattering from the aerosol.
Using Fourier transform spectroscopy to measure the spectrum of scattered light offers a
number of important advantages. First, the acquisition of the reference and backscattered
spectra simply entails the synchronous collection of the respective mid-IR light on two
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Figure 3.2: (a) Example interferograms measured by the scattered-light (blue) and reference (or-
ange) detectors. (b) Example reference (solid orange) and scattered-light (dotted blue) spectra.
Spectra are individually normalised (see text).
separate photodetectors, so a spectral measurement can be made anywhere with a sin-
gle pixel detector. Figure 3.2(a) shows typical interferograms recorded on the reference
detector (in orange) and on the scattering detector (blue). The signal from the scattered
light experiences low frequency noise due to the turbulent and inhomogeneous aerosol
flow. As the Fourier transform spectrum is encoded on a high-frequency carrier, this low-
frequency noise has no influence on the measurement and is automatically filtered out by
the Fourier transform (discussed in Section 2.2.2). We can contrast this with a grating
scanned approach operating at the same acquisition rate (2 Hz): such a scheme would be
unable to distinguish between turbulent intensity variations and those caused by wave-
length dependent absorption features. In effect the Fourier-transform method acts like
a lock-in detector, shifting the measurement to a higher frequency (the fringe period) at
which 1/f noise is much lower.
Figure 3.2(b) shows a typical idler reference spectrum (solid orange line), and compares it
with a scattered-light spectrum (dotted blue line) recorded simultaneously. The scattering
signal (in this example scattered from bis(2-ethylhexyl) sebacate) is much weaker than
the reference, so here and in later results the scattered-light spectrum is normalized to
the reference spectrum for clarity. The two spectra are different as not all of the incident
wavelengths are scattered equally.
3.2.2 Backscattering results
Initially, aerosols of two chemicals were examined, diethyl phthalate (DEP, CAS# 84-66-
2) and bis(2-ethylhexyl) sebacate (BES, CAS# 122-62-3). DEP was chosen because it is
a chemical warfare agent simulant, with closest similarity to VX and Lewisite [17]. It
was also examined in the study by Gurton et al. [11] and has no associated chemical haz-
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ards. Some physical properties are shown in Table 3.1 to illustrate the similarities. Both
Melting point (◦C) Boiling point (◦C) Vapour pressure (mm Hg)
VX <-51 292 7×10−4
DEP -40.5 295 2.1 ×10−3
Table 3.1: Comparison of properties of DEP and VX, adapted from [18].
chemicals exhibit infrared absorption in the 3.20 - 3.55 µm wavelength band. To examine
this range two MgO:PPLN grating periods were used, Λ = 29.98 µm and 29.52 µm. For
aerosolized DEP, Fig. 3.3(a) shows the spectra for both grating periods, with a cut off at
3.4 µm where the spectra overlap. Eight spectra were averaged to construct each plot.
The averaged scattered-light spectrum was divided by the reference spectrum to find the
spectral content of the scattered aerosol light, referred to from here on as the aerosol spec-
trum. The blue line in Fig. 3.3(b) shows the DEP aerosol spectrum, co-plotted with the
National Institute of Standards and Technology (NIST) library absorption spectrum for
liquid DEP [19]. Figure 3.3(c) and (d) presents the same information for BES. The two
aerosols are clearly distinguished by their different aerosol spectra, with their measured
absorption profiles corresponding well with the principal features of the library spectrum.
3.2 3.25 3.3 3.35 3.4 3.45 3.5 3.55
Wavelength ( m)
1.7
2.2
2.7
3.2
3.7
A
e
ro
s
o
l 
s
p
e
c
tr
u
m
 (
a
.u
.)
0.2
0.4
0.6
0.8
1
N
IS
T
 l
ib
ra
ry
 t
ra
n
s
m
it
ta
n
c
e
2
3
4
5
6
In
te
n
s
it
y
 (
a
.u
.)
3.2 3.25 3.3 3.35 3.4 3.45 3.5 3.55
Wavelength (
0.4
1
1.6
2.2
2.8
3.4
A
e
ro
s
o
l 
s
p
e
c
tr
u
m
 (
a
.u
.)
0
0.2
0.4
0.6
0.8
1
N
IS
T
 l
ib
ra
ry
 t
ra
n
s
m
it
ta
n
c
e
m)
2
4
6
8
In
te
n
s
it
y
 (
a
.u
.)
(a)
(b)
(c)
(d)
Figure 3.3: (a) Reference (solid) and DEP scattered-light (dotted) spectra. Two OPO gratings were
used, identified by orange (Λ = 29.52 µm) and blue (Λ = 29.98 µm) lines. (b) Aerosol spectrum
(blue, see text for definition) for DEP co-plotted with the library transmission spectrum (red) [19].
(c) and (d) show the data for BES.
A second experiment examined two structurally similar chemicals. Bis(2-ethylhexyl) adi-
pate (BEA, CAS# 103-23-1) is structurally similar to BES (chemical structures shown in
Fig. 3.4(a) and (b)), the only difference being the length of the central hydrocarbon chain
of the molecule. The IR absorption spectra differ slightly between 3.47 – 3.50 µm. The
aerosol spectrum of each chemical is compared in Fig. 3.4(c) and (d). The difference
between the two is small but clearly visible. In a blind test, the identity of each chemical
was correctly inferred using just the scattered mid-IR light from each aerosol.
The sensitivity provided by aerosol backscattering Fourier-transform spectroscopy is now
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Figure 3.4: Chemical structure of (a) BEA and (b) BES. Aerosol spectra are shown for (c) BES
and (d) BEA.
considered. The signal-to-noise ratio (SNR) can be defined as the ratio of the maximum
value of the signal to the standard deviation of the noise. Constructing a measurement
by averaging eight scattered-light interferograms resulted in a SNR greater than 100, and
even using a single scattered spectrum resulted in a SNR of 40 for both chemicals. How-
ever, some caution is needed because a considerably higher SNR than unity would be
required to accurately characterize the absorption behaviour of a chemical under exami-
nation. It is estimated that SNR = 10 would be the minimum required, so with a single
scattered spectrum it would be possible to detect and identify aerosol absorption features
with a signal four times weaker than recorded in our experiments.
The calculation of detection sensitivity relies on knowing the exact quantity of aerosol
with which the OPO idler radiation interacts. Based on the nebulizer specifications of a
4 L · min−1 carrier air output with a nebulization rate of 0.06 cm3 min−1, we calculated
that the beam interacted with 730 ppm of BES and 1700 ppm of DEP. This calculation
is summarised for DEP in Table 3.2. This calculation relies on nebulizer specifications
quoted by the manufacturer, which we have not independently verified. Initially we fol-
lowed the approach employed by Macleod, Molero and Weidmann [20], converting the
ppm values into detection sensitivity units normalized for path length and integration
time. A sensitivity in the range of 3 - 6 ppm m−1 Hz−
1
2 was calculated for BES and DEP,
respectively. This value is comparable to the technique reported in [20], which demon-
strated standoff detection of gases with a QCL. Our technique though relies on scattering
rather than transmission through a volume of gas, and therefore using units normalised
for path length is not necessarily appropriate. Sensitivity is discussed further in the con-
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clusion to this chapter, Section 3.5.
DEP properties
Molecular Weight (g mol -1) 222.24
Density (g cm-3) 1.12
Nebuliser air output
Nebuliser Output diameter (mm) 15 Measured with ruler
Air output of nebuliser (L min -1) 4 From nebuliser manual
Aerosolised Volume in 1 min (m 3) 0.00400
Beam interaction
Beam radius (mm) 3.2 measured (PPLN OPO beam)
Interacting beam volume (m3) 4.82549E-
07
= beam area * nebuliser diameter
Nebuliser -nebulisation properties
Nebulisation rate (cm3          -1) 0.06 From nebuliser manual
Nebulised mass in 1 min (g) 0.0672 = density * nebulisation rate
Nebulised mass in beam volume (g) 8.11E-06 = beam volume / aerosolised volume * nebulised 
mass
Convert to ppm 1.717E+03 1 ppm=  22.71108/(Molecular Weight)  x  (1 
mg)/m3
min
Table 3.2: Aerosol ppm calculations for DEP.
In the 3 - 4 µm wavelength band investigated here, our results show that the scattered-light
absorption spectrum broadly reflects the absorption characteristic of the chemical con-
stituent of the aerosol. During the interaction with the liquid particles it can be expected
that some light will be absorbed where the incident photon wavelength corresponds with
a chemical absorption feature. Unlike gas-phase spectroscopy, the aerosol spectrum can
also be influenced by Mie scattering resonances, implying that the particle size distribu-
tion of an aerosol could have a significant influence on the aerosol spectrum. In both
Fig. 3.4(c) and (d) the aerosol spectrum exhibits absorption features shifted slightly to
lower wavelength than the NIST library spectrum. Calibration of the FTIR spectrometer
using a HeNe reference laser makes it unlikely that this wavelength shift is due to a cali-
bration problem (attributed to the Connes advantage of FTIR described in Section 2.2.1).
The NIST spectra were recorded on dispersive instruments (with a comparable resolution
of 4 cm−1 and 2 cm−1 for DEP and BES, respectively), and it is mentioned that these
may differ in details from FTIR measurements [19] (for example small errors could have
appeared in the NIST spectra when they were digitized). It is possible that the wave-
length shift we observed could be due to Mie scattering, as the wavelength is close to
the median aerosol particle diameter scattering resonances could occur and influence the
aerosol spectrum. Modelling the scattering process, as well as measuring the particle size
distribution, is therefore the next step to understand these results more fully. Section 3.3
describes an approach to modelling this process. Nevertheless, our results using BES and
DEP show that the aerosol scattering spectrum tends to closely follow the liquid behaviour
in this wavelength range.
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This section has shown that chemical aerosols can be distinguished, or even identified
relative to library data, based on only the backscattered mid-IR radiation from the aerosol
itself. Active illumination using two grating periods in an ultrafast OPO allowed measure-
ment of the aerosols’ scattered spectra in the 3.20 - 3.55 µm wavelength range, producing
data that correlated well with the library absorption spectra for the liquid phase of the
chemicals DEP and BES.
3.3 Simulation details
3.3.1 Scattering Theory
The oscillating electric field of light travelling through a medium will induce a dipole
moment in the individual atoms or molecules in the medium. The induced dipole moment
is an accelerating electric charge, and radiates light in all directions - this is the physical
basis of light scattering. Rayleigh scattering theory describes the case where the scattering
particles are much smaller than the wavelength of light. A common example is sun light
scattering from molecules in the atmosphere. A more general theory known as Mie theory
can describe the scattering behaviour for any size of particle and any wavelength.
Rayleigh scattering assumes the electric field is equal throughout the entire particle (at any
one moment in time), while Mie theory accounts for the electric field varying in the par-
ticle. The difference is illustrated in Fig. 3.5(a). Mie theory considers the normal modes
of a sphere (or an arbitrarily shaped particle) which can be excited by an incident wave,
and sums the scattered radiation from an infinite series of these normal modes. The exact
expressions are complex, so are not detailed in this thesis but can be found in Chapter 4
of Absorption of Scattering of Light by Small Particles by Bohren and Huffman [2].
Mie theory captures all linear optical interactions of an electromagnetic wave with a par-
ticle. Reflection and refraction by the particle do not have to be considered separately,
because these behaviours are accounted for when calculating the scattering (refraction,
reflection and diffraction are, slightly counter-intuitively, all scattering effects). By con-
sidering the linear complex refractive index of a particle (see Section 2.1.2), absorption
behaviour is also described. Mie theory does not describe nonlinear scattering (such as
Raman scattering) or absorption (such as two-photon absorption) effects.
f f
(b) = 180°
= 0°
incident
 light
Figure 3.5: (a) Rayleigh and Mie scattering - in a larger particle the electric field varies across the
particle. (b) shows the coordinate directions.
The aim of developing a Mie-scattering model was to simulate the interaction of an in-
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cident laser beam with an aerosol of any liquid-state chemical. Mie theory calculates
the response of an incident electric field on a particle, and the simulation described here
works by integrating all the components from wavelength and polarisation of the inci-
dent light, as well as the particle refractive index and size distribution. Other approaches
could be used to solve this problem. FDTD (finite difference time domain) simulations
can be used to directly evaluate Maxwell’s equations on a grid in discrete time steps [21].
While definitely possible, it would use an unmanageably large amount of computation
time. Commercial or open source Mie codes might also be applicable, however none was
found which could handle the integration over all angles, which was included in the code
developed for this work.
3.3.2 Complex refractive index examples
To perform the Mie scattering calculations detailed later in this section, the linear com-
plex refractive index of a material is required. In some cases it is possible to find data
reported in literature. For example, in an appendix to their work on aerosol scattering and
extinction Gurton et al. [22] include values for DEP, as well as other chemicals dimethyl
methylphosphonate (DMMP) and diisopropyl methylphosphonate (DIMP).
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Figure 3.6: (a) Refractive index for DEP reported by Gurton et al. [22]. (b) DEP refractive index
measurement.
Figure 3.6(a) shows the refractive index for DEP reported by Gurton et al. This is mea-
sured at low resolution (10 cm−1), and the values are quite noisy at 3 - 3.6 µm. To try
and improve on this data, Rhea Clewes at DSTL measured the refractive index using a
commercial Bruker Tensor 37 FTIR spectrometer configured with a MIR source, KBr
beamsplitter and a DLaTGS detector. 1 mL DEP (Sigma Aldrich) was applied to a PTFE
boat that was inserted into a Seagull variable angle reflection accessory (Harrick Scien-
tific) fitted within the FTIR bench, where the accessory was set at 0.5° from normal. The
resultant reflectance spectra were converted into the real and imaginary refractive indices
using the Kramers-Kronig relations (see Section 2.1.2) within the Bruker OPUS software,
as described in [23]. Figure 3.6(b) shows the data, measured at 1 cm−1. This data has
been scaled to roughly match the magnitude of the data in (a). A background trend is
visible on the nimag data, which could be caused by imperfect normalisation to the source
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spectrum or be due to uneven beamsplitting. There is also some CO2 absorption interfer-
ence visible at 4.3 µm. Despite this, the data is still suitable for making higher resolution
scattered spectra predictions than permitted by the Gurton data.
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Figure 3.7: (a) Refractive index for oleic acid [24] (b) Carvone refractive index [25].
Other examples from literature are shown in Fig. 3.7, the refractive indices for oleic acid
(a) and carvone (b). Oleic acid has a larger nimag around 3 µm than DEP or carvone,
which have more features between 7 - 12 µm. Carvone is representative of chemicals
found in atmospheric aerosols [25].
3.3.3 Calculation of Mie scattering
The scattered fields of p and s polarisation can be written as:(
Ep
Es
)
=
(
S2 S3
S4 S1
)
e−ikr+ikz
ikr
(
Ep0
Es0
)
=
(
S2 0
0 S1
)
e−ikr+ikz
ikr
(
Ep0
Es0
)
(3.1)
where k is the wave-vector (k = 2pinreal
λ
), and Ep0 and Es0 are the incident p and s po-
larised fields. The S matrix components represent the sum of all the oscillating electric
field dipoles. For a spherical particle, S3 and S4 are equal to 0. As mentioned previously,
this description will not go into any further detail about the lower level calculation of
electric field - the S matrix terms S1 and S2 can be calculated using the Matlab codes
by Schafer [26] or Maetzler [27] (Schafer’s code is used here). Considering a spherical
polar coordinate system (see Fig. 3.5(b)), S1 and S2 are dependent on θ and ϕ (θ = 0
is forward scattering, θ = 180 is backscattering). All textbook treatments from here get
rid of ϕ dependence due to symmetry. This is a little inconvenient if you are considering
more than 1 polarisation state of incident light, but this is worked around.
Following from Equation 3.1, the scattered intensity for a particular θ is:
Isca
I0
=
|Sj(θ)|2
k2r2
(3.2)
with j = 1 for s polarisation, and j = 2 for p polarisation, I0 is the incident intensity and
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r is the particle radius. Using this expression, from the S values it is possible to calculate
the scattered intensity from a particle, as a function of refractive index, wavelength, po-
larisation, scattering angle and particle radius. Using both Matlab codes, identical results
were obtained. A program called MiePlot [28] can also be used for these calculations,
and where possible results were also checked with it.
The S values provide more than just scattering information. Extinction is the total amount
of energy lost by a wave to scattering and absorption from a particle. The extinction cross
section is the sum of the absorption and scattering cross sections (Cext = Cabs + Csca).
The extinction cross section is:
Cext =
4pi
k2
Re {S(θ = 0°)} (3.3)
This value can be combined to find the remaining intensity I after interaction with a
particle:
I
I0
= e(−αexth) (3.4)
with αext = ζCext, where ζ is the number of particle per unit volume, and h is the distance
the wave travels. Here you just set both values to 1 to find the extinction from a single
particle.
3.3.4 Integrating the scattering differential cross section
The expression for the differential cross section (energy scattered per unit time into a unit
solid angle) from Bohren and Huffman is [2]:
dCsca
dΩ
=
r2Isca
I0
=
|Sj(θ)|2
k2
(3.5)
In spherical polar coordinates, dΩ = sin θdθdϕ, so Equation 3.5 can be integrated for the
cross section:
Csca =
1
k2
∫
dΩ
|Sj(θ)|2 sin θdθdϕ (3.6)
With no ϕ dependence, adding in limits this becomes:
Csca =
1
k2
(ϕmax − ϕmin)
∫ θmax
θmin
|Sj(θ)|2 sin θdθ (3.7)
With appropriate limits, Equation 3.7 can be used to find the scattering cross section into
a particular solid angle. To try and replicate the original aerosol scattering experiment,
the lens area (and θ angle) used in the experiment was used to define the solid angle for
the simulation. For example, with the lens (diameter of 50 mm) 200 mm away from the
scattering particle, and centred at θ = 155° and ϕ = 180°, the limits become θmin =
147.9°, θmax = 162.1°, ϕmin = 172.9° and ϕmax = 187.1°, any values could be chosen.
Equation 3.7 is integrated around these limits using the most basic numerical integration
method (the traps function) in Matlab to find the scattering cross section (Csca) for user
defined wavelength, solid angle, polarisation and complex refractive index.
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With Csca, essentially the probability of scattering into the defined solid angle, the scat-
tered power is calculated:
Psca = I0Csca (3.8)
This expression can be used to find the total spectrum of light scattered by a single particle,
or the spectrum scattered into a certain solid angle. Figure 3.8 compares the spectra of
light scattered into the whole sphere with the scattering into the solid angle defined by a
lens at 155◦, for single particles with diameters of 1, 5 and 10 µm. (a) and (b) show a 1 µm
particle exhibits Rayleigh scattering style behaviour, with scattering intensity decreasing
sharply at longer wavelengths. The orange line shows the results for a theoretical non-
absorbing particle with a wavelength independent refractive index of n = 1.46 + 0i, to
demonstrate the effect of particle size on the scattered spectrum. In both (a) and (b),
the blue line for the DEP particles shows similar behaviour to the flat index particle,
modulated slightly by strong chemical absorption features at 6 and 8 µm.
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(c) diameter = 5 µm, 155°
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(e) diameter = 10 µm, 155°
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(b) diameter = 1 µm, whole sphere
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(d) diameter = 5 µm, whole sphere
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Figure 3.8: Simulated scattered power (I0 = 1 Wm−2, p polarisation) by a single particle of DEP
and a flat index material of n = 1.46 + 0i into a solid angle representing a lens at 155◦ for a
diameter of 1(a), 5(b) and 10(c) µm. This is compared with the total scattering into the entire
sphere for 1(b), 5(d) and 10(f) µm.
Figure 3.8(c) and (d), for a 5 µm particle, show considerably more influence from the
chemical absorption, and the backscattering spectrum (c) is more strongly affected by
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the particle size. (e) and (f), for a 10 µm particle, show a similar trend, with the 155◦
spectrum strongly influenced by both the particle size (shown by the orange line) and the
chemical absorption of DEP.
3.3.5 Adding a particle size distribution
The aerosol generated by the medical nebulizer used in the experiment in Section 3.2.1
contains an ensemble of particles of different sizes. The size distribution of an aerosol of
DEP was measured using a GRIMM aerosol spectrometer (by Martin Bowditch at DSTL).
The aerosol spectrometer uses an on-board pump to draw the aerosol plume through a
radial sampling head directly into the measuring chamber. A laser diode, emission centred
at 660 nm, illuminates the measuring chamber. Particle size (between 0.25 – 32.00 µm
over 31 channels) and number (1 – 2,000,000 particles.L−1) are measured using light
scattering. Particle counts per litre were recorded over a few minutes. The data are plotted
in Fig. 3.9(a), and in an alternative format showing the cumulative % undersize by mass
in (b). From the size of the error bars in Fig. 3.9(a) it is clear that the exact distribution
may not be the same for two different scattering measurements, but it is still suitable to
use to simulate the expected scattering.
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Figure 3.9: (a) Size distribution in counts L−1 against particle diameter of aerosol of DEP. Error
bars show the standard error on the mean. (b) Cumulative % undersize by particle mass against
particle diameter.
For the purposes of the simulation, it is necessary to break up the particle diameter range
into N diameter values, and find the number of particles (p) with each diameter, which
matches the dataset provided by the aerosol spectrometer. To calculate the power scattered
by the whole particle distribution, the power scattered by one particle is multiplied by the
number of particles of that diameter, and this total is summed for each diameter value,
giving the total scattered power Pscadist:
Pscadist =
N∑
j=1
pjPsca(dj) (3.9)
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Equation 3.9 treats the scattering by an ensemble of particles as a series of individual
scattering events, which relies on two assumptions. These assumptions are discussed by
Bohren and Huffman [2], and also by Miles, Carruthers and Reid [9]. The first is that
the particle density is low enough that there is no coupling between the induced dipoles
of different particles, which would make treating the scattering as a series of individual
scattering events inappropriate. To add to this, we also assume here that any light scattered
by a particle will not be scattered again in a multiple scattering event. This is justified by
considering Fig. 3.8 which illustrates that the scattered light is very small compared to
the incident intensity, so any multiple scattering would be weak enough to be neglected.
The second assumption is that the spacing between the particles is random, so there is no
fixed phase relationship in the scattering by different particles.
3.3.6 Simulation results and comparison with experiment
Figure 3.10(a) shows the total scattered power from the measured size distribution of DEP
particles for an incident intensity of 1 Wm−2 and p polarisation (solid blue line). Also
plotted is the scattering from non absorbing particles (dotted blue), which shows some
wavelength dependence, though much of the structure from Mie resonances visible in
single particles (Fig. 3.8) is ‘washed out’ in a particle distribution. A trend of decreasing
scattered power with increasing wavelength is observed, but not nearly as dramatic as the
1
λ4
dependence in Rayleigh scattering. Comparing the liquid transmission spectrum of
DEP (orange, calculated using the imaginary index and Equation 3.4) with the DEP scat-
tering spectrum, the chemical absorption behaviour is still clearly visible, but is modified
by the particle size effects. In particular, the large absorption features near 6 and 8 µm
are shifted to lower wavelengths in the scattering spectrum. This is also true for scattering
into a smaller solid angle representing the area of a collection lens, plotted for 25◦ and
155◦ in Fig. 3.10(b) and (c).
Figure 3.11 shows the effect of incident polarisation on the scattered spectrum. There
is little difference, with scattering slightly stronger for p polarisations at shorter wave-
lengths, and slightly stronger for s at longer wavelengths.
The longer wavelength scattering simulation is compared with the experimental results in
Section 3.4. We first consider the 3 µm experimental results and compare them with the
model. Figure 3.12(a) compares the scattered spectrum of DEP recorded experimentally
with the transmission spectrum of liquid DEP from the NIST chemistry webbook [19],
and as discussed in Section 3.2.2 some of the scattering features appear to be shifted
to a lower wavelength. Comparing the NIST data to our measured DEP transmission
(Fig. 3.12(b)), the features do not line up perfectly. Our data shows the some features
shifted slightly to lower wavelengths, and as discussed in Section 3.2.2 this could be
because of the low resolution of the NIST data or the fact it was recorded on a dispersive
spectrometer rather than a FTS. The intensities of the features also do not match. The
shift in wavelength between the experiment and NIST data shown in Fig. 3.12(a) is likely
due to the difference in measurements, rather than a Mie scattering effect.
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Figure 3.10: (a) Simulated total scattered power from an ensemble of particles with the distribution
shown in Fig. 3.9(a), for DEP (solid blue) and particles with index of n = 1.46 + 0i (dotted blue).
Right hand axis shown the transmission spectrum for liquid DEP (orange). The same information
is presented for the scattered power into solid angles representing the area of a lens for (b) 25◦ and
(c) 155◦.
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Figure 3.11: Simulated scattered power from DEP aerosol into solid angle at 25◦ for p and s
incident polarisation.
Figure 3.12(c) compares the simulated scattering with the experimental scattering mea-
surement. There is no wavelength shift between the features, but the overall intensity pro-
files are different. While the model is not particularly successful at predicting the shape
of the scattered light spectrum at 3 - 3.6 µm, it is not necessarily right to conclude that
the modelling is insufficient or incorrect. In Fig. 3.12(d), the refractive index data from
Fig. 3.6(b) is plotted for just 3 - 3.6 µm. The data are a bit noisy, and the values of nimag
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Figure 3.12: (a) Scattered light spectrum from aerosol of DEP (blue) compared with NIST trans-
mission spectrum [19] (red). (b) Comparison of transmission spectrum for DEP, both from NIST
(red) and from the complex refractive index values (yellow). (c) Comparison of simulated DEP
scattering (orange) with experimental result (blue). (d) Refractive index data for DEP.
are very small compared to the values at longer wavelengths. This may mean that the
data are not accurate enough to correctly model the scattered light spectra (the refractive
index data from Gurton [22] has too low resolution and bit depth to make a comparison).
Further investigation into the refractive index measurement is required before this can be
fully understood.
3.3.7 Simulation discussion and conclusion
The simulation calculates the scattered power from a distribution of particles with a cer-
tain complex refractive index, depending on the incident light polarisation. It works for
any wavelength, with knowledge of the complex refractive index at that wavelength. Not
included is a realistic incident intensity to model the OPO beam, but that is not necessary
to show the scattering effects. Much of this is possible with the program MiePlot [28].
The reason this simulation was designed around the Matlab Mie scattering codes [26, 27]
was to allow integration of Equation 3.7, to find the scattering into an user defined solid
angle. While this is a problem which has been solved before, there is little published
literature.
A similar theoretical study of scattering across mid-infrared wavelengths was conducted
by Niu, Philbrick and Hallen, who took available refractive index data for a range of
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materials and calculated the scattered intensity of light from a polydisperse aerosol [29].
They simulated scattered light intensity at a range of angles, and showed that at a very
small angle (1.8 degrees), particle size barely influences the scattered intensity spectrum.
They continued to show that the scattered light spectra for aerosols of different materials
can provide a spectral fingerprint for each material, independent of particle size or con-
centration (at this small scattering angle). A practical implementation of their technique
would require collecting light over a finite solid angle (even if it was a small solid angle),
which their calculations do not account for (they model the intensity of light scattered into
specific values of the polar coordinates θ and ϕ, and do not integrate using Equation 3.7).
Many comparisons were made of the model presented here with results from MiePlot at
different stages of development, so there is reasonable confidence that the physics is being
modelled correctly. The simulation does not include any more physics than is possible
with MiePlot, but makes it possible to combine the data in more ways to fully model our
experiment, and is flexible enough to be easily adapted to different scattering situations.
When considering a particle with a flat refractive index and no absorption, clear Mie res-
onances were visible in the spectra for individual particles (Fig 3.8), but this appeared to
be washed out in a particle distribution (Fig. 3.10). Using the refractive index for DEP,
the scattered light spectra appear to be influenced by both the particle size and chemical
absorption, and notably the location of absorption features from the liquid transmission
spectrum can be different on the scattered light spectrum. This was investigated experi-
mentally and the results are presented in Section 3.4.
3.4 Aerosol spectroscopy in the 7 - 11-µm region using an OPGaP femtosecond
OPO
The research described in this section extended the experiment from Section 3.2 to the
longer mid-IR wavelengths by using the OPGaP OPO (Section 2.5). The experiment is
described in Section 3.4.1. Scattered light spectra measured from a range of aerosols are
presented in Sections 3.4.2, 3.4.3 and 3.4.4. Methods to improve the sensitivity and make
the measurements easier are discussed in Sections 3.4.5 and 3.4.6, before an evaluation of
the detection sensitivity in Section 3.4.7. A quantitative comparison of the experimental
results with the simulation results is given in Section 3.4.8 before the chapter concludes
with Section 3.4.9.
3.4.1 OPGaP OPO aerosol scattering experiment
A diagram of the setup for measuring scattered light from an aerosol using the OPGaP
OPO (Section 2.5) is shown in Fig. 3.13, and a photo is shown in Fig. 3.14. There are
a few important differences to the setup for measuring scattering with the PPLN OPO
(Section 3.2.1). Optics suitable for longer wavelengths (7 - 12 µm) were required. The
beamsplitter used in the FTS was replaced with a ZnSe beamsplitter suitable for 7 - 14 µm,
the windows for sampling the beam to find a reference spectrum were replaced with bar-
ium fluoride (BaF2) windows (with good transmission up to almost 12 µm, while CaF2
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starts to absorb > 8 µm) and the lenses for focusing light onto the detectors were replaced
with ZnSe lenses AR coated for 7 - 12 µm. The MCT detectors used have a smaller ac-
tive area than the PbSe detectors (0.5 mm2 compared to 4 mm2) so focusing the scattered
light to a smaller area is critical. To achieve this, a 50-mm diameter 100-mm focal length
plano-convex ZnSe lens (AR 8 - 12 µm) was used to collect the scattered light, and this
was focused onto the detector using a 50-mm diameter 25-mm focal length aspheric Ge
lens.
Another difference is looking at a forward scattering angle, rather than backscattering.
This was due to the results of simulated scattering (Fig. 3.10(b) and (c)) which suggested
that backscattering would be much weaker at longer wavelengths. The FTS was also
improved to give a higher resolution of 1.2 cm−1, by removing the need for an ND fil-
ter(which adds interference fringes) through the use of two reflections from BaF2 win-
dows, compared to one reflection in the PPLN experiment. The setup was otherwise very
similar.
Figure 3.13: Experimental setup for measuring aerosol scattering using the OPGaP OPO.
Figure 3.14: Fourier transform spectrometer and aerosol scattering measurement setup shown in
Fig. 3.13.
3.4.2 Forward scattering results from DEP
Presented here are results from measuring the forward scattered light (at 25°) from aeros-
olized DEP. Transmission measurements of DEP were also made, using NaCl sample
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Figure 3.15: (a) Reference and DEP scattered spectra from 7.2 - 7.9 µm using the Λ = 27 µm
OPGaP grating. (b) Aerosol spectrum compared with scattering simulation. (c) DEP transmis-
sion compared with simulation of transmission. (d) Experimentally measured aerosol scattering
spectrum and transmission. Dotted lines indicate simulation data.
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Figure 3.16: (a) Reference and DEP scattered spectra from 8.2 - 8.9 µm using the Λ = 29 µm
OPGaP grating. (b) Aerosol spectrum compared with scattering simulation. (c) DEP transmis-
sion compared with simulation of transmission. (d) Experimentally measured aerosol scattering
spectrum and transmission. Dotted lines indicate simulation data.
cards designed for FTIR spectrometers. All the results plotted are from the average of
7 spectra, measured at 1.1 – 1.2-cm−1 resolution. Figure 3.15 presents results using the
OPGaP grating Λ = 27 µm. In all the plots, scaling or normalisation has been applied to
allow comparison. In Fig. 3.15(a), the reference spectrum and the spectrum of light scat-
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tered by the DEP aerosol are shown. Figure 3.15(b) shows the aerosol spectrum (obtained
by dividing the scattered spectrum by the reference spectrum) compared with the results
of the aerosol scattering model (modelling using the refractive index of DEP, particle dis-
tribution in Fig. 3.9(a), p-polarisation, 25° scattering angle into the 50-mm diameter lens,
200 mm away). The experimental result and model show similar behaviour. The absorp-
tion dip measured just above 7.6 µm seems to be shifted slightly lower than the simulation
predicts. Figure 3.15(c) shows the measured transmission of DEP, compared with a cal-
culation using the DEP refractive index and Beer’s law. The main dip in the simulated
data at 7.85 µm is not visible, instead there is a lot of absorption from 7.7 – 7.85 µm.
This could well be because there is just slightly too much DEP on the card, saturating the
absorption. Figure 3.15(d) compares the experimentally measured aerosol spectrum and
transmission. Clear differences are visible, the main being the shift of the two prominent
absorption features to lower wavelengths in the aerosol spectrum.
Results from the next grating, Λ = 29 µm, are shown in Fig. 3.16. Again, Fig. 3.16(a)
shows the reference spectrum and the scattered light spectrum from the DEP aerosol.
In Fig. 3.16(b), it is seen that the aerosol spectrum behaves roughly as expected from
the model. Figure 3.16(c) compares the transmission measurement with modelled data,
and again the absorption is probably saturated slightly by having too much DEP. Fig-
ure 3.16(d) shows clear differences between the transmission and scattered spectra. Even
if the transmission measurement is not perfect, there is clearly an absorption dip at about
8.75 µm in the aerosol spectrum, at a shorter wavelength than either the measured or
simulated transmission, so again a wavelength shift is clearly present.
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Figure 3.17: (a) Reference and DEP scattered spectra from 9.2 - 10.0 µm using the Λ = 31 µm
OPGaP grating. (b) Aerosol spectrum compared with scattering simulation. (c) DEP transmis-
sion compared with simulation of transmission. (d) Experimentally measured aerosol scattering
spectrum and transmission. Dotted lines indicate simulation data.
Figure 3.17 shows the scattering data for Λ = 31 µm. The DEP transmission measurement
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Figure 3.18: (a) Reference and DEP scattered spectra from 11 - 12.3 µm using the Λ = 34 µm
OPGaP grating. (b) Aerosol spectrum compared with scattering simulation. The data is probably
too noisy to expect to see anything.
in this case looks similar to the modelled transmission. Again, there are clear wavelength
shifts in the absorption features visible in the aerosol spectrum, and this is well predicted
by the model.
Scattered light was also detected using Λ = 34 µm (11 - 12-µm wavelength), but no spec-
tral behaviour was visible. This was probably because the signal intensity was quite low,
as well as the absorption features being weak. Figure 3.18(a) shows the weak scattered
spectrum measured. Figure 3.18(b) shows that the aerosol spectrum does not show any
spectral features. Any features would probably be lost in the noise resulting from the
weak measured signal. Still, with further improvement, such as improved focussing onto
the detector or otherwise improving the SNR, it might be possible to see something here.
The y-axis values in the measured scattered light spectra are arbitrary; the shape and
location of spectral features is what we compare. The absolute magnitude of the power
recorded on the scattering detector is not known, so comparing the absolute value of power
recorded with the predicted scattered power is not possible. To show qualitatively how
the spectra compare, the simulation results are plotted on the same plot but with different
y-axis scales.
3.4.3 Back scattering results from DEP
Forward scattering is much stronger than back scattering, but back scattering is more
interesting from a standoff detection perspective. Modelling shows the scattered light
spectra should be very similar, but not identical. Figure 3.19 compares modelling results
for DEP scattering at 20° and 160°.
The same experiment shown in Fig. 3.13 was performed, with the collection lens moved
to a backscattering angle of 155°. The scattered signal was very weak, with a peak
value of around 2 mV recorded on the detector output (this is discussed more in Sec-
tion 3.4.6). Figure 3.20(a) shows the scattered light spectrum recorded using Λ = 27 µm.
Figure 3.20(b) shows how the aerosol spectrum recorded compared with the modelled
result. Figure 3.20(c)-(f) show the same for Λ = 29 and 31 µm. The aerosol spectra
recorded still seem to roughly correspond to the modelling results. They are clearly a
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Figure 3.19: Modelled scattered light spectra of DEP at 20° (blue) and 160° (orange).
bit noisy, because of the weaker scattering signal. This means that it is unclear if the
small differences in scattering between angles of 25° and 155° predicted by the model
are visible. As a specific example, consider 7.9 µm, where a small dip is predicted for
155°, but not for 25°. The aerosol spectrum in Fig. 3.20(b) (blue) may show a small dip
at 7.9 µm (compared to Fig. 3.15(b), the 25° result) but it is not conclusive (especially as
the spectrum in Fig. 3.15(b) only extends to 7.9 µm).
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Figure 3.20: (a) Reference (blue) and scattered (orange) spectra for DEP at 155°. (b) Aerosol
spectrum (yellow) compared to modelling results (purple dotted). (c) and (d) show the same for
Λ = 29 µm, (e) and (f) show the same for Λ = 31 µm.
3.4.4 Scattering from other aerosols
Scattering was also recorded from BES and BEA (see Section 3.2.2 for chemical details).
The refractive index for BES and the measured DEP particle distribution (used as an
approximation, different surface tension and density means each chemical haas a different
distribution) were used to simulate the scattering. Figure 3.21(a) shows the scattered
spectrum for the BES aerosol. Figure 3.21(b) compares the aerosol spectrum with the
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simulated aerosol spectrum and the simulated transmission. The absorption dip at 8.5 µm
is not visible on the measured aerosol spectrum.
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Figure 3.21: (a) Reference and BES scattered spectra. (b) BES aerosol spectrum compared with
scattering simulation and simulated BES transmission. (c) Reference and BEA scattered spectra.
(d) Aerosol spectra of BES and BEA.
Figure 3.21(c) shows the scattered spectrum from BEA (no refractive index available)
and (d) compares the BEA aerosol spectrum with BES. There is a slight difference, BEA
has a slight shoulder at about 8.7 µm, not visible for BES. Measuring the transmission
with the NaCl sample cards was not possible because the surface tension of BES is too
high, the drop just falls off if the card is put vertically in the beam. A proper particle size
distribution measurement is required to correctly model the scattering to compare to the
experimental measurement.
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Figure 3.22: Simulated scattering (blue) from TEHP at 25°, p-polarisation, using the same particle
size distribution as DEP, along with the simulated transmission spectrum (orange).
The forward scattering from tris(2-ethylhexyl) phosphate (TEHP, CAS# 78-42-2) was
measured at 25°. The particle size distribution was not measured, so simulation results
are again based on the DEP size distribution. The TEHP size distribution will be dif-
ferent, but it means the model can be used to roughly predict features to look for. Fig-
ure 3.22 compares simulated scattering with the transmission spectrum (refractive index
again measured at DSTL). Figure 3.23(a) and (b) show the scattered spectra using the
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Figure 3.23: (a) Reference (blue) and scattered spectra (orange) from TEHP at 25° using
Λ = 31 µm. (b) Measured aerosol spectrum (yellow) and modelled result (purple dotted). (c)
Reference (blue) and scattered spectra (orange) using cavity length tuning with Λ = 31 µm to
slightly longer wavelength. (d) Measured aerosol spectrum (yellow), modelled result (purple dot-
ted), and TEHP transmission spectrum (light blue).
31-µm grating. In Fig. 3.23(b), an absorption dip is visible as the model predicts, but
the gradient either side does not exactly match. Figure 3.23(c) and (d) show the same
for a different OPO spectrum, still using the 31-µm grating, but using cavity length tun-
ing to a slightly longer wavelength. In (d), there is another feature appearing at about
10.1 µm. Also shown on (d) is the predicted transmission spectrum, and clearly the ab-
sorption feature at 10.8 µm is shifted by Mie scattering in the aerosol spectrum to about
10.6 µm. Modelling with a measured particle size distribution might yield closer results
to the experimental data.
Further scattering measurements of TEHP were made at different wavelengths. Fig-
ure 3.24 shows the measurements made using the 27-µm grating, again demonstrating
some cavity length tuning to access different wavelengths. The data are influenced by
water absorption lines but do show some spectral behaviour similar to the modelled re-
sults, although further measurements are required to assess repeatability, and possibly
improve the scattering signal strength.
Figure 3.25 shows the same for the 32.5-µm grating. Again there is visible spectral be-
haviour corresponding more closely to the simulated scattering spectrum than the trans-
mission spectrum. Scattering at 6-7-µm wavelength was measured, but no real spectral
features could be seen, probably due to the strong water absorption dominating over any-
thing else.
As mentioned in Section 3.3.2, complex refractive indices for some materials are available
in the literature. Displayed in Fig. 3.7(b), the refractive index for carvone displays some
absorption features in the OPGaP wavelength range. The forward scattering from an
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Figure 3.24: (a) Reference (blue) and scattered spectra (orange) from TEHP at 25° using
Λ = 27 µm. (b) Measured aerosol spectrum (yellow) and modelled result (purple dotted). (c)
Reference (blue) and scattered spectra (orange) using cavity length tuning with Λ = 27 µm to
slightly longer wavelength. (d) Measured aerosol spectrum (yellow) and modelled result (purple
dotted).
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Figure 3.25: (a) Reference (blue) and scattered spectra (orange) from TEHP at 25° using
Λ = 32.5 µm. (b) Measured aerosol spectrum (yellow) and modelled result (purple dotted).
aerosol of carvone was measured using two different wavelengths, and the results are
displayed in Fig. 3.26.
Clear features are visible in the scattered light spectra from carvone. The simulated spec-
tra are again calculated using the DEP particle size distribution. In Fig. 3.26(d), an ab-
sorption feature is visible in the transmission spectrum at∼11.2 µm, but is clearly shifted
lower to 11 µm on both the measured and simulated scattered spectrum. This is another
example of the particle size having an effect on the scattered light spectrum.
A range of liquid aerosol scattering results have been presented in this section, but aerosols
can also be made up of solid particles. As an initial test to see if scattering from solid
aerosols could be measured, the nebulizer was filled with l-glutamine (CAS# 55-85-9).
It is a fine white powder, an amino acid readily available as a nutrition supplement. With
the nebulizer turned on it produced a white powder aerosol.
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Figure 3.26: (a) Reference (blue) and scattered spectra (orange) from carvone at 25° using
Λ = 29 µm. (b) Measured aerosol spectrum (yellow), modelled result (purple dotted) and trans-
mission (light blue) using data from [25]. (c) Reference (blue) and scattered spectra (orange)
using Λ = 32.5 µm. (d) Measured aerosol spectrum (yellow), modelled result (purple dotted) and
transmission (light blue).
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Figure 3.27: (a) Reference (blue) and scattered spectra (orange) from l-glutamine at 25° using
Λ = 29 µm. (b) Measured aerosol spectrum (yellow) and transmission spectrum from the NIST
chemistry webbook [19]. (c) and (d) presents the same data for Λ = 31 µm.
Refractive index data are not available, but the transmission of l-glutamine can be found
on the NIST chemistry webbook [19]. The scattered light spectra are presented in Fig. 3.27.
(b) and (d) show the aerosol spectra with clear features, although they do not match the
features in the transmission spectrum. This is again likely due to the particle size influ-
encing the spectrum, but to fully understand it a measurement of refractive index and size
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distribution would be required.
3.4.5 Improving sensitivity using different detection techniques
Improving detection sensitivity is desirable as the backscattering signals recorded in Sec-
tion 3.4.3 were very weak. Detection sensitivity can be improved by simply getting more
scattered light to the detector, which could be achieved by collecting over a larger solid
angle, focusing more efficiently, or increasing the mid-infrared output power from the
OPO. Different detection schemes also offer a route to improve sensitivity – heterodyne
and balanced detection schemes initially seemed promising.
Heterodyne detection uses an optical ‘local oscillator’, and mixes it with the weak signal
to be detected [30]. The two signals can be combined using a beam splitter, and focused
onto a detector, which will detect the interference of the two signals. A strong local
oscillator can effectively amplify the weak signal. Our implementation of this was initially
going to use a weak reflection from the main mid-IR beam as the local oscillator (diagram
shown in Fig. 3.28(a)). A test setup used the 3-µm beam from the PPLN OPO, scattering
from a CARC sample. A weak reflection before the scattering was recombined using a
beamsplitter with scattered light collected by a lens, and focused onto a detector. The path
difference between the signal and local oscillator was scanned using a speaker as with a
FT spectrometer. This worked, and interference fringes were detected. The problem was,
the interference fringe signal strength was extremely weak, with the full power of the
PPLN OPO beam being used. In a normal FTS, an ND 3 filter or taking reflections from
windows is required to not saturate the detector.
Figure 3.28: (a) Diagram of proposed heterodyne detection system. (b) Diagram of focusing
arrangement.
This problem is likely due to the nature of scattering. Incident photons will not all scatter
from exactly the same place, so the wave fronts will become distorted (this is a problem
that has been noted when using a diffuse scattering surface [20]). Presumably, hetero-
dyne detection is suitable for measurements where there is no distortion, such as direct
laser absorption measurements. A similar problem makes a balanced detection geometry
difficult. Balanced detection requires the scattered light signal to be split 50/50 onto two
identical detectors. The tight focusing from the Ge lens means there is insufficient space
for a beamplitter.
Compared to the PbSe detectors used for the 3-µm experiments, the MCT detectors used
for long wave detection are (according to the specifications) at least an order of magnitude
more sensitive. This, combined with the improved focusing scheme, mean that there is
sufficient sensitivity to just detect aerosol backscattering signals between 7 - 10 µm with
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the significantly lower mid-IR power the OPGaP OPO produced, and considering the
weaker scattering expected at longer wavelengths.
3.4.6 Focusing and electrical filtering of scattering signal
The strength of the scattered signal can be slightly improved by focusing the mid-infrared
beam. Introducing a lens before the aerosol, as shown in Fig. 3.28(b), demonstrated this.
The 100-mm focal length lens was positioned at different distances from the aerosol. Fig-
ure 3.29(a) shows that the signal became stronger as the beam was focused more tightly
in the aerosol, but that as the signal strength increased it also became more distorted.
Figure 3.29(b) shows the spectrum recorded in each case. The signal to noise ratio (peak
value of signal divided by standard deviation of the noise) is plotted in Fig. 3.29(c). This
plot shows the SNR does not actually increase at any point, but using a lens to increase
the absolute value of the signal may be helpful when aligning to record a weak scattering
signal.
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Figure 3.29: (a) Detector signal for different lens positions. (b) Corresponding scattered spectra.
(c) SNR compared to lens position.
The MCT detectors used are extremely sensitive and have a bandwidth of 5 MHz. This
means that high frequency noise on the detector signal when viewed on an oscilloscope
can mask the presence of a lower frequency signal. Shown in Fig. 3.30(a), the high
frequency noise is around 15 – 20 mV in amplitude. This is a problem when aligning
optics to record a scattering signal which is only about 20 mV. Electrical filtering reduces
this problem without reducing the signal strength. Figure 3.30(a) shows how a 100 kHz
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Figure 3.30: (a) Measured interferogram with no electrical filtering (blue) 100 kHz low pass filter
(orange) and 1-9 kHz band pass filter (yellow). (b) Spectra from the Fourier transform of data in
(a).
low pass filter reduces the noise, and a 1 - 9 kHz bandpass reduces it slightly more. This
is because the interference fringes frequency on the detector are between 3 - 8 kHz (when
scanning the mirror at 2 Hz) so the signal passes while most of the noise does not. This
makes it possible to see a signal on the detector of 1 – 2 mV, which is useful when looking
for the weak backscattering signals.
The filters used in the data presented were simple home-made first order passive RC
filters. Fifth order filters from Thorlabs to pass only 1 - 9 kHz did not improve the perfor-
mance significantly.
3.4.7 Detection sensitivity
To characterise the detection sensitivity as was done previously for the 3-µm scattering ex-
periments, normalised detection sensitivity units were used which account for path length
and integration time, as used as a measure of gas detection sensitivity (for example [20]).
These units are suitable for transmission measurements, but may not be the most suitable
for scattering measurements as presented here, because the scattered light must be col-
lected, and cannot necessarily be collected over a long path. Detection sensitivity will
be estimated here in terms of parts per million (ppm) of the aerosolized chemical that
the beam was judged to be interacting with. The following calculations are estimates,
but should give a rough idea. Examples of chemicals of interest and their acute exposure
guideline levels (AEGLs) [31] for a level 3 10-minute exposure are shown in Table 3.3.
Category and example chemical AEGL 3 10 minute(ppm)
CWA choking –chlorine 50
CWA blood –hydrogen cyanide 27
CWA blister agent –sulphur mustard 0.59
Toxic industrial chemicals -ammonia 2,700
CWA nerve agent ~ 0.001
Table 3.3: Examples of chemicals and their AEGL level 3 10-minute exposure limit [31].
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Previously the PPLN OPO beam was estimated to be interacting with 1700 ppm of DEP.
This calculation is explained in Table 3.2. As an absolute value, 1700 ppm is high com-
pared to the AEGLs.
The signal to noise ratio (SNR) is also an important factor when considering sensitivity.
The definition used here is the ratio of the peak value of the signal to the standard deviation
of the noise. As an example, the scattered spectrum in Fig. 3.17(a) is considered. Using
the peak spectrum value and the standard deviation of the noise between 7 – 8 µm, the
SNR is calculated as ∼ 900. This is considerably higher than in previous PPLN measure-
ments, possibly due to the increased detector sensitivity and better scattering collection
optics, but mainly because this is a forward scattering rather than back scattering measure-
ment. It may also be a bit of an overestimate – the SNR should probably be calculated
using the interferogram trace. The problem is that noise of different frequencies would
affect the calculation but not the spectrum measurement – so the simple work around is
to calculate using the spectrum instead.
The estimate of 900 means that significantly weaker signals could be detected. In turn
this means lower aerosol concentrations should be detectable. Taking the ratio of the ppm
of DEP to the SNR would yield a detection sensitivity of 2 ppm, but this is probably too
simplistic an approach, and probably a bit optimistic. For the purposes of classifying the
detection sensitivity, it is reasonable to estimate of the order of 10 ppm. This puts some
of the AEGLs in Table 3.3 in range. This is for forward scattering measurements. Back
scattering signals are considerably weaker. Improvements to sensitivity could be made in
several ways. Increasing the power of incident mid-IR light would be an obvious route,
but it is not immediately possible to do this (limited by the pump laser). The collection
optics and focusing could be improved, or increased in size to collected light over a larger
solid angle, although the solid angle collected over is already quite large. Increasing the
detector sensitivity may still be possible, although as discussed in Section 3.4.5 hetero-
dyne detection does not seem to be a suitable option.
Another factor to consider with the AEGL values is time. The ppm values are for exposure
for 10 minutes. The aerosol spectra recorded are an average of 7 spectra, each recorded in
250 ms, making a total measurement time of 1.75 s. Again, a simplistic approach would
suggest that in 10 minutes (600 s) the SNR could be improved by a factor of
√
600
1.75
=
18.5. This factor, combined with the SNR considerations in the previous paragraph, do
indicate potential for sub 1 ppm sensitivity over a long measurement time of 10 minutes.
Realistically though it is not possible to make any decisive conclusions – the system will
need to be tested on lower aerosol concentrations.
3.4.8 A quantitative approach to model evaluation
To quantitatively measure the agreement of the experiment with simulated scattering and
transmission, the Pearson correlation coefficient is used as it is insensitive to the differ-
ences in intensity between the 3 different data sets. Figure 3.31 summarisers the aerosol
spectra from DEP forward scattering presented in Figs. 3.15, 3.16 and 3.17, presenting
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Figure 3.31: (a) Plot of mid-infrared liquid transmission spectrum for diethyl phthalate (yellow),
with the simulated scattered light spectrum for an aerosol of DEP with the measured size distri-
bution and refractive index, for p-polarized incident light measuring at an angle of 25° (orange).
(b-d) shows parts of spectra in (a), with the experimentally measured scattered light spectrum
(blue). Correlation coefficients (r) between the experiment results and the simulated scattering
and transmission spectra are displayed.
also the correlation coefficients between the experimental aerosol spectra, and the simu-
lated scattering and transmission. Clearly, the simulated scattering correlates much more
with the results, with values ≥ 0.86, while the transmission spectra values are ≤ 0.5.
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Figure 3.32: There are 7 distinct minimum points in the 3 measured scattered light spectra in
Fig. 3.31(b-d) which are the x-axis values in this plot. The y-axis shows the difference in wave-
length between the location of the minima measured experimentally and the location of minima
in the simulation (blue) and liquid transmission spectra (orange). The error bars represent the
spectrometer resolution.
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Another quantitative approach is to examine the minimum points in each aerosol spec-
trum, and compare the location (in wavelength) to the simulated scattering and transmis-
sion. Figure 3.32 plots minimum points in the scattering measurements in (b-d), com-
paring how much of a wavelength shift there is between these and the minima in both
the simulated scattering and the liquid transmission. This illustrates just how far some of
the features are shifted in wavelength from the transmission spectrum, and that the mod-
elled scattering spectrum predicts 4 of 7 of these shifts within the resolution error of the
spectrometer.
3.4.9 Summary and conclusions of the OPGaP scattering study
This section has presented a study of the mid-infrared scattered light spectra from aerosols
of a range of different chemicals, from wavelengths between 7 - 11 µm. Clear influ-
ences from Mie scattering have been observed as chemical absorption features are shifted
away from their position in the infrared transmission spectrum, and often this is well pre-
dicted by modelling of the scattering process. These results represent the first conclusive
study showing how Mie scattering modulates the bulk mid-IR spectroscopic signature of
aerosolized chemicals.
Understanding the spectral behaviour of aerosols has been shown here to rely on adequate
prior knowledge of the particle size distribution and the complex refractive index of the
aerosolized chemical. To use scattered spectra to identify the chemical constituent of
an aerosol may therefore be more complicated than just matching to a library spectrum.
Another issue for practical use of this technique is the low signal from backscattering,
though in Section 3.4.7 we have demonstrated sensitivity approaching the required level
for many harmful chemicals in a forward scattering geometry.
The next step in investigating the usefulness of mid-IR scattering for aerosol identifica-
tion is to measure lower aerosol concentrations, as well as different size distributions of
aerosols of the same chemical, and evaluate the experimental results against modelling.
3.5 Scattering discussion and conclusion
This chapter has shown that the mid-IR scattering from aerosols will correspond closely
to the transmission spectrum of the chemical constituent of the aerosol, influenced by –
to a greater or lesser extent at different wavelengths – the size of the aerosol particles.
Measurements made over a range of wavelengths from 3 - 11 µm have demonstrated
that the scattered light spectra could be used for aerosol identification, although further
investigation in some areas is required.
Standoff aerosol detection would allow greater flexibility compared to point aerosol de-
tectors, so it is surprising how little published work exists on the subject. Modern spatially
coherent infrared sources, such as OPOs and quantum cascade lasers, have the potential
to deliver greater performance than CO2 lasers because of their continuous and broad
tuning ranges. Chemical detection could also be combined with range gating. For ex-
ample, Boudreau et al. [32] used dual comb spectroscopy around 1.56 µm to measure
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the narrow absorption lines of gaseous hydrogen cyanide. By dispersing water droplets
in the gas chamber, this study used the backscattering from the droplets, as well as the
reflection from a diffuse scattering surface at the back of the chamber, to measure the gas
absorption. Making simultaneous spectral and LIDAR measurements, they were able to
distinguish between the light scattered by the aerosol and the light scattered by the back
surface.
Our scattering measurement technique can operate in a standoff configuration, with a
short standoff distance of 0.2 m. To be practically useful as a standoff detection method, a
range of at least several meters would be necessary. It is difficult to compare the sensitivity
to other optical aerosol detection schemes, but our current sensitivity appears to be signif-
icantly less than the Raman system detailed earlier [13], and there are no similar mid-IR
techniques reported that provide a quantitative sensitivity against which our results can
be compared. Only one type of aerosol is examined using the Raman scattering approach
though, with the sensitivity defined by a single Raman shift. Further investigation would
be required to determine how well different chemical aerosols could be distinguished, in
particular they have not investigated liquid aerosols. They also have not considered any
effects from the particle size distribution. Mie scattering theory describes linear optical
scattering only [2], so it is unclear what effect, if any, the particle size or shape has on
Raman spectra.
As discussed in Section 3.4.7, experiments have been conducted on high aerosol concen-
trations (due to the nature of the experimental setup and aerosol generation method), but
do show potential for meeting the AEGL-3 levels for several of the toxic chemical cate-
gories. Work with DSTL’s aerosol system, which produces lower aerosol concentrations,
should allow more accurate determination of the sensitivity. A lower particle concentra-
tion might mean that initially aligning the system is more difficult, or maybe focusing the
beam will be required.
The rapid development of coherent mid-infrared sources should permit more routine
aerosol scattering measurements, especially in the spectral fingerprint region. Results
from Section 3.2 in this chapter were published in Optics Letters [33] and the subject of a
conference presentation [34]. The results from Sections 3.3 and 3.4 were presented at the
Conference on Lasers and Electro-Optics [35] and have been prepared as a manuscript to
submit to a peer reviewed journal.
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Chapter 4: Spectral imaging for standoff detection
Spectral imaging, the integration of spectroscopy and digital imaging, is a possible em-
bodiment of standoff detection. Each pixel of a spectral image contains a spectrum, so
materials present can be visualized as regions of different colours on the image. Alter-
natively, they can be thought of as a series of images, each corresponding to a certain
wavelength, with the brightness of each pixel corresponding to the absorption of that
wavelength at each point in the image.
The section describes preliminary experiments exploring the combination of spectral
imaging with active illumination using the PPLN OPO described in Section 2.4 for stand-
off chemical detection. Section 4.1 summarises other standoff imaging systems for appli-
cations in defence, though mid-infrared spectral imaging has other applications such as
non-invasive analysis of paintings [1]. Section 4.2 describes an experiment with a mid-IR
camera borrowed from Thales, and Section 4.3 uses a high speed mid-IR camera from
Telops.
4.1 Introduction
Passive spectral imaging uses just reflected atmospheric radiation. An example of a com-
mercially available instrument is the Telops HyperCAM, which can produce spectral im-
ages using Fourier transform infrared spectroscopy (FTIR) in either the shortwave and
midwave IR (SWIR and MWIR, comprising wavelengths of 1 - 6 µm) or the long wave
IR (LWIR, 6 - 12 µm) at ranges up to 5 km. This is an example of a staring image
collection approach, using a focal plane array to capture the whole scene at once. In
field tests, Kastek, Piatkowski and Trzaskawka [2] successfully recorded spectral images
clearly showing the presence of freon 134, which are invisible to the naked eye. They
estimate that a gas cloud could be identified if the gas concentration was greater than 2%.
Therefore, passive instruments can be suitable for identification of large volumes, an ex-
ample being a gas plume.
Harig et al.[3] used an imaging FTIR to detect methyl salicylate on a steel background,
with only passive illumination from the sky. While the image collected did identify most
of the contaminated area, significant processing was required to account for the spectrum
of the incident radiation from the sky, as well as atmospheric absorption. The authors did
also carry out active imaging FTIR using a blackbody radiation source. They note that,
compared with active illumination, the dominating contribution in a passive illumination
system is from the background surface, rather than the sample itself [4]. More recent pas-
sive measurements by Braun and Harig [5] demonstrate the potential of standoff FTIR to
detect millilitre level liquid droplets, however they still find significant issues, the back-
ground surface and atmospheric conditions being important factors. They still found that
for smaller (millilitre) quantities, the dominant contribution to a passive spectral image
was always from the background substrate, rather than the sample under investigation.
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Active spectral imaging uses an illumination source. The two spectral bands of interest
are 3 - 4 µm (within the MWIR spectral region) and 8 - 12 µm (within the LWIR spec-
tral region), as these are well transmitted through the atmosphere and are regions where
chemicals contain distinctive absorption features (as discussed in Section 1.2). M Squared
Lasers have developed an imaging system which uses an OPO containing a MgO:PPLN
fan-out grating to tune between 2.7 µm and 3.6 µm. The output of the OPO is raster
scanned using galvanometer mirrors and the scattered mid-IR radiation from the sample
is measured by means of a Mercury Cadmium Telluride (MCT) detector to form an image
at a particular wavelength. The OPO is subsequently tuned to a new wavelength, and
the spectral image is built up. With this configuration, a frame at a single wavelength
of 512×512 pixels can be obtained at a rate of 0.59 frames per second (fps). This sys-
tem has been used to identify powders, gas plumes and small liquid drops at short ranges
(1.3 – 15 m) over a wide range of angles [6–8]. They have also filed a patent application
for a ZGP OPO version of their imaging system [9], which would allow LWIR imaging
(6 – 10 µm).
The LWIR proves interesting for spectral imaging as thermal imaging cameras are widely
available for this wavelength range. It allows a staring approach to be used with a LWIR
source. External cavity quantum cascade lasers (EC-QCL) can be a tunable broadband
source of LWIR radiation. Hugger et al. [10] use an EC-QCL from 7.1 to 9.1 µm with
a linewidth of 1 cm−1 and a maximum average power of 40 mW. The whole wavelength
range tunes using a microelectromechanical mirror in 100 µs, this means that their large
aperture lens and MCT focal pane array can capture spectral images at a rate of 400 Hz.
They used a spectral image processing algorithm to show areas where the spectral sig-
nature of the explosive PETN has been detected from a PETN coated fingerprint on a
painted metal surface at 1.5 m distance. More examples of similar QCL spectral imaging
are described in [11]. Morales-Rodrigez et al. [12] also concentrate on trace quantities of
explosives, using an EC-QCL with tuning from 7.9 - 9.6 µm for active spectral imaging
of RDX up to 1.5 m.
There has been no reported work on large field-of-view, staring imaging for chemical
detection in the MWIR to our knowledge. The approach detailed in the next two sec-
tions could combine the advantages of mature source technology (PPLN OPOs) with the
acquisition speed of a staring imaging approach to achieve this goal.
4.2 Spectrally-resolved imaging in the 3.7 - 4.1-µm band with a Thales camera
4.2.1 Experiment and results
The PPLN OPO described in Section 2.4 was used as the mid-IR illumination source. The
OPO idler output was focused into a monochromator with a slit width of 300 µm, reducing
the bandwidth to approximately 15 nm (11 cm−1) with an output power of around 5 mW
tunable between 3.7 - 4.0 µm. The beam propagated 4 m and was reflected by an angled
mirror onto the target surface, which was laid flat on the optical bench. The camera
was placed 7.5 m away and was coaxial with the OPO beam onto the angled mirror and
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down towards the optical bench, as shown in Fig 4.1(a) and (b). The camera used was a
Catherine MP MW thermal imager from Thales UK (shown in Fig. 4.1(c)), typically used
in an armoured fighting vehicle gunnery system. It had a 640×512 pixel MCT focal plane
array detector, micro-scanned to produce a 1280×1024 pixel image.
(a) (b)
(c)
Figure 4.1: (a) Visible image of the camera view, showing the layout of the liquid on the CARC
surface. (b) Camera and idler beam layout. (c) Thales Catherine MP MW imager.
The camera is sensitive from roughly 3.7 – 4.6 µm, so we examined two chemicals with
absorption in the 3.7 – 4.0 µm band, deuterium oxide (D2O, CAS# 7789-20-0) and
deuterated methanol (methanol-4d, CAS# 811-98-3). D2O does not experience a change
in absorption over the tuning range, but it does absorb more strongly than water across the
entire range, as shown in Fig. 4.2. D2O and water were therefore compared side-by-side
to explore different angles of incidence and laser spot sizes. Methanol-4d does exhibit
a change in absorption, but due to its volatility it is not ideal for these experiments as it
evaporates quickly. A comparison of methanol and methanol-4d was used to explore the
potential for spectroscopy to differentiate between these two chemicals.
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Figure 4.2: Transmission spectra of H2O (blue) and D2O (orange) [13].
Thin films of water and D2O were prepared by placing small drops on a painted chemical
agent resistant coating (CARC) surface, and placing microscope cover slips over the drops
(illustrated in Fig. 4.1(a)). The drop volumes were between approximately 40 - 45 µL with
microscope slides of 15×15 mm, meaning the thickness of each liquid film was between
180 – 200 µm. Recording images with no illumination, and illumination at 3.7 µm and 4.0
µm we observed how the intensity of the scattered idler light from each film changed,
and how these changes in brightness differed between water and D2O (measuring the
contrast between the two chemicals). A photograph taken from the same perspective as
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(a) (b) (c) (d)
Figure 4.3: Thin films of D2O (left) and water (right): (a) visible and (b) IR image with no active
illumination, and actively illuminated at, (c) 3.7 µm and, (d) 4 µm.
the infrared camera is shown in Fig. 4.3, along with examples of infrared images recorded
with and without active illumination.
The samples are indistinguishable in the first two pictures, while in the actively illumi-
nated images they show a clear difference in brightness, corresponding to the greater
absorption of D2O at both 3.7 µm and 4 µm which leads to a darker image than for water.
The recorded images were analysed by selecting an area on each film and averaging the
pixel values, for all three images. The unilluminated pixel values were subtracted from
each illuminated case, to show the change in brightness. These values were then com-
pared between films, to determine which film increased in brightness more under active
illumination.
The range of angles for which a change in brightness could be clearly observed was
explored by changing the steering mirror angle to adjust the angle of incidence of the
idler beam, α, on the CARC substrate. When α = 0° the beam was directly reflected
at the camera from the top surface of each cover slip, which meant it was not possible
to distinguish the two films. For 20° < α < 30° the camera was unaffected by reflected
light from the coverslip surfaces but could detect light diffusely scattered from the CARC
after transmission through each liquid film, resulting in a clear distinction between the
two liquids. For larger values of α the scattered signaling was weaker, but it was still
possible to observe contrast up to 55° at 4 µm. Figure 4.4 shows the change in brightness
at varying angles, where a positive value means that water increased in brightness more
than D2O under illumination, which is the expected behaviour as D2O should absorb
more than water. Illumination at 4 µm shows a greater contrast across the range of angles,
which is probably due to the camera sensitivity; 3.7 µm is the lower wavelength sensitivity
cut off, so is likely the camera would be more responsive to the 4 µm light. Observing
diffuse reflection from CARC over a large angular range is consistent with measurements
reported by Zhang et al. [14].
After determining the optimum illumination angle, α = 20°, the illuminated area was in-
creased by expanding the beam with a CaF2 lens. The illumination area for the angular
variation study was 8 cm2 where averaging was necessary to distinguish the two films. In-
creasing the illuminated area to 80 cm2 reduced the incident intensity, allowed the greater
sensitivity of the camera at lower intensities to be exploited to provide greater contrast
between the samples. The difference in the brightness between the two liquids is easier
to distinguish visually, as shown in Fig. 4.5. A full exploration of the beam size was lim-
ited by the experimental arrangement which did not accommodate expanding the beam
further.
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Figure 4.4: Difference in contrast between water and D2O plotted for a range of α values. A
positive value indicates that water increased in brightness more than D2O under illumination.
Figure 4.5: 80 cm2 area of illumination at 3.7 µm showing clear difference between water (right)
and D2O (left).
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Figure 4.6: Methanol (orange) and methanol-4d (blue) absorption. Dotted lines and left hand
axis show image brightness, solid lines and right hand axis show reference spectra. The images
recorded at each wavelength are shown underneath the wavelength scale.
The comparison between methanol and methanol-4d was conducted with α = 6° and a
spot size of 20 cm2. Reference spectra were recorded using an FTIR spectrometer, and
are consistent with the spectra measured by Falk and Whalley [15]. Images were recorded
as the monochromator was tuned from 3.7 to 4.1 µm, and camera gain settings were also
varied to show the largest contrast. Images and comparison to reference spectra are shown
in Fig. 4.6. The methanol-4d sample clearly becomes dark as the illumination wavelength
is increased, while the methanol sample stays bright. The pixel brightness correlates well
with the reference data in each case. The image is saturated up to about 3.85 µm, which
could be the reason that the image brightness does not start to decrease at 3.75 µm as in
the reference.
4.2.2 Discussion
As Fig. 4.5 shows, differential absorption is clearly visible even with quite a large illumi-
nation area, and over a range of scattering angles. Figure 4.6 illustrates clear distinction
of chemical absorption with wavelength tuning. It would be interesting to see if, rather
than thin films, it was possible to see different absorption in liquid drops. Assuming a liq-
uid drop of the same volume covered only a quarter of the area of the film, the thickness
would be 4 times greater. Assuming absorption following Beer’s Law (Equation. 3.4),
and a double pass through the drop (before and after scattering) this would mean 40 times
more absorption. Since the beam area is so large, there is definitely scope to adjust param-
eters (eg by decreasing the beam size to increase intensity) so that the different absorption
behaviour of H2O and D2O drops should be visible. Drops also pose the difficulty of not
having uniform thickness and reflecting light at a range of angles which could also pose
problems. It would also be useful to examine a diverse range of surfaces, such as concrete
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or fabric. The key to identifying more relevant chemicals would be to use illumination
and a camera sensitive in the 3.0 - 3.6 µm range where many relevant chemical absorption
features exist. The MCT focal plane array in the Thales camera is sensitive at these wave-
lengths, but the camera contains spectral filters which improve the quality of imaging at
longer distances. Suitable cameras are therefore readily available.
Overall, we have demonstrated the ability to distinguish liquids based on their mid-IR
absorption properties, in an active illumination staring imaging setup. The M Squared
imaging system[6, 7, 16] works well, but recording a spectral image in seconds, rather
than minutes, is desirable. The staring imaging approach could be key in achieving this
shorter scan time compared to a raster scanning approach. A possible system could use a
broadband mid-IR source such as an ultrafast OPO, combined with a suitable high speed
mid-IR camera, and use an FTIR scanning system to quickly acquire the whole scene for
the whole wavelengths. The results of an initial experiment of such a system are presented
in Section 4.3.
4.3 Spectrally-resolved imaging in the 3.0 – 3.8-µm band with a Telops camera
This section describes a spectral imaging experiment using the Telops FAST-IR 2K cam-
era.
4.3.1 Telops camera experiment and results
 HeNe 
Si detector
Mid-IR 
beamsplittter
mid-IR beam
CaF2 lens
Target surface
CARC, concrete, etc
Target chemicals
TDG, DMMP, etc
Data
acquisit
and cam
trigge
Figure 4.7: Layout of spectral imaging experiment.
The PPLN OPO described in Section 2.4 was used as the mid-IR illumination source.
The mid-IR beam was split and recombined in a Michelson interferometer, and used to
illuminate a target scene. A weak reflection of the beam after the interferometer was
recorded on a PbSe detector to provide a reference spectrum measurement (to measure
the spectrum used as illumination). The camera viewed the scene, and recorded images
when triggered by a TTL pulse. The TiePie USB oscilloscope used to record data also
had an arbitrary waveform generator, and was used to generate a TTL pulse to trigger the
camera to record a series of images. The camera trigger out signal was recorded along
with the interference fringes from a HeNe laser. This allowed calibration of the mirror
movement, and subsequent registration of each image to an optical path difference value.
Figure 4.7 shows the layout, with a photograph of the setup shown in Fig. 4.8.
Figure 4.9 presents data obtained by illuminating a target scene with the Λ = 29.98 µm
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Figure 4.8: Experimental layout showing the mid-IR beam path and the camera viewing angle.
grating. Figure 4.9(a) shows a visible image of three pieces of sandpaper. One is blank,
one is covered in powdered aspirin and one in powdered hexamine. Figure 4.9(b) is a mid-
IR image of the three pieces of sandpaper illuminated by the OPO beam (with roughly
25 mm diameter). A video was recorded at 6373.08 Hz (50 µs integration) as the FTS
mirror was scanned. This is fast enough that the mid-IR fringes of the centreburst of
the interferogram are visible sweeping across the image. In Fig. 4.9(c) the pixel intensi-
ties (average of 5×5 square) of each frame are plotted for the three different squares in
Fig. 4.9(b). Some pixels in this image appear saturated but this is because the display has
been adjusted for better contrast (the orange hexamine pixel intensity trace in Fig. 4.9 (c)
shows that there is no saturation). Finally, Fig. 4.9(d) presents a series of consecutive
images which show a mid-IR fringe moving across the scene.
An example of the simultaneously acquired HeNe fringes with the camera trigger out
signal is shown in Fig. 4.10(a). The trigger signal shows the integration time and time be-
tween frames. The reference mid-IR fringes are recorded at the same time. In Fig. 4.10(a)
it is clearly seen that the image sampling rate is significantly above the Nyquist limit. Fig-
ure 4.10(b) shows the pixel intensities from the images with the reference mid-IR fringes.
Figure 4.10(c) shows an interferogram from the images after calibration using the HeNe
fringes, so its intensity is a function of the interferometer optical path difference. This is
suitable for Fourier transforming to find the spectrum.
Figure 4.11(a) shows the spectra from each interferogram in Figure 4.10(b). These are
normalised for easier comparison. Figure 4.11(c) shows transmission spectra for each of
the three spectra from the images, these were found by dividing the image spectrum by
the reference spectrum. These results are not normalised. Figure 4.11(b) shows the library
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Figure 4.9: (a) Visible image of target scene of sandpaper with powdered aspirin and hexamine.
(b) Mid-IR image of the scene with OPO illumination, dotted boxes showing the area of pixels
average for part (c). (c) Pixel intensities on three areas of the image for each frame recorded. (d)
Series of consecutive images showing a mid-IR fringe moving across the scene.
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Figure 4.10: (a) Camera trigger out (blue) recorded with reference HeNe fringes (orange). (b)
Pixel intensities from images recorded with reference mid-IR fringes. (c) Example of interfero-
gram from images calibrated to interferometer path difference using HeNe fringes.
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Figure 4.11: (a) Spectra from each interferogram in Figure 4.10(b) at 15 cm−1 resolution. (b)
Transmission spectra (spectra in (a) divided by reference spectrum). (c) Rough library spectra for
aspirin (blue) at 2 cm−1 resolution and hexamine (orange) at 40 cm−1 resolution [13].
spectra for aspirin and hexamine from the NIST chemistry webbook [13]. Hexamine is
low resolution (40 cm−1) and for a gas, so may not be relevant.
The first interesting point to note is that aspirin is brighter than hexamine in the visible
image in Fig. 4.9(a), while hexamine is significantly brighter in the mid-IR in Fig. 4.9(b).
Examining the spectra in Fig. 4.11(a), it is possible to see a clear spectral difference in
hexamine, compared to aspirin, sandpaper and the reference spectrum. Figure 4.11(b)
confirms this, showing a significant drop in intensity at 3.4 µm. This looks roughly like
what should be expected given the library spectrum for hexamine shown in Fig. 4.11(c).
There is a difference in the recorded spectra for aspirin and the blank sandpaper, and actu-
ally it might just be possible to start to see some spectral features in the aspirin absorption
in Fig. 4.11(b), but this is definitely approaching the limit of sensitivity.
4.3.2 Discussion
The experiment with the Telops camera was successful in directly imaging the mid-IR in-
terference fringes produced by sending the OPO idler beam through a scanning Michelson
interferometer. Recording a series of images of powder samples on sandpaper, the spectra
imaged were found by Fourier transforming the intensity of a certain pixel value through
the series of images. From the spectra hexamine showed clearly different behaviour to
aspirin or bare sandpaper, corresponding well with the library spectrum. Attempts to use
this technique to distinguish liquid chemicals deposited on surfaces were not successful.
The spectra recorded from different pixels containing the same liquid sample showed too
much variation to be useful. The problem may be that reflection from the top surface of
the liquid was measured, rather than light that had travelled through the liquid.
The camera was available for a limited amount of time. With more time, it might have
been possible to alter and improve the experiment for liquid detection.
4.4 Conclusions
Using the PPLN OPO as a mid-IR source, spectral imaging experiments were performed
with two different mid-IR cameras. Using the Thales camera (Section 4.2) different chem-
icals could be distinguished in a standoff configuration based on their absorption between
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3.7 - 4.1 µm. Using a camera with more appropriate sensitivity from 3.0 - 3.8 µm, an
experiment which directly imaged the fringes from an FTS was set up, eliminating the
need for wavelength tuning. In the limited amount of time with the camera, a basic spec-
troscopy investigation was performed but attempts to identify the absorption features of
liquids were unsuccessful.
The results represent a proof-of-principle that standoff detection of liquid contamination
on surfaces may be possible using a staring imaging approach with active mid-IR illumi-
nation, which would offer improved speed or selectivity over other systems. The results
from this chapter were the subject of a poster presentation at the Conference on Lasers
and Electro-Optics 2015 [17] and a presentation at SPIE Security and Defence 2015 [18].
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Chapter 5: Conclusions and future work
This chapter draws conclusions from the work reported in the previous chapters in Sec-
tion 5.1, and describes some plans for development in the future in Sections 5.2 - 5.4.
5.1 Conclusions
This thesis has focused on the development of coherent mid-infrared sources, and their use
in chemical sensing, with the emphasis on standoff detection. As discussed in Section 1.2,
infrared absorption spectroscopy is a well established method for examining molecular
vibrational spectroscopic features. Development of coherent mid-infrared sources is an
active area of research, as detailed in Section 1.3, and Chapter 2 described two OPOs
sources developed for novel sensing applications.
The PPLN OPO, based on established technology, was able to generate broad mid-IR
spectra with 100s of mW of average power, tunable from 2.1 - 4.2 µm. Mid-infrared
light in the fingerprint region cannot be generated in the PPLN OPO, so an OPO based on
the newly developed nonlinear material OPGaP was built and characterised. This OPO
produced broad spectra tunable from 5 - 12 µm, and was the first OPO of its kind. An
OPGaP OPO with output in the fingerprint region had not been reported before, and very
few sources with comparable spectral brightness are available.
The spectra of mid-infrared light scattered by different aerosols was measured (in Chap-
ter 3), using the OPOs as illumination sources. It was discovered that the scattered light
spectra roughly follow the absorption spectra of the chemicals the aerosols are composed
of, but that the size distribution of the aerosol also has a significant influence. Modelling
of the scattering process was successfully used to predict these influences. A range of
liquid chemicals relevant to CWA detection were examined, as well as a chemical more
relevant to the characterisation of atmospheric aerosols and a powdered solid aerosol. A
system installed at DSTL comprising of an OPGaP OPO and spectrometer will continue
work on aerosol spectroscopy.
An investigation into spectral imaging for chemical detection, described in Chapter 4, was
partially successful, managing to distinguish several liquids by their absorption features
when tuning the wavelength of light used to illuminate them. Measuring spectral images
at high speed by combining the camera with a scanning interferometer was not successful.
In addition to the continuing aerosol spectroscopy investigation, work on this project has
inspired several new ideas to work on in the future. The spectral imaging study inspired
further investigation into potential ways to compress the number of images required in
a spectral imaging situation, and this is expanded on in Section 5.2. The longer wave-
lengths from the OPGaP OPO have other sensing applications, and the results from an
initial test looking at scattering from powder samples are presented in Section 5.3. In
addition to mid-infrared generation, OPGaP has a potential use for detecting mid-IR ra-
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diation through upconversion. If successfully demonstrated, it could mean mid-IR could
be detected with silicon detectors, rather than expensive and inconvenient liquid nitrogen
cooled MCT detectors. This idea is discussed in Section 5.4.
5.2 Compressive sampling
A problem with spectral imaging using active illumination is the large number of images
required. Two different approaches can be considered: using a monochromator to illumi-
nate the scene with a single wavelength, recording an image, and then tuning to another
wavelength (as described in Section 4.2); or using a scanning Michelson interferometer,
and recording images as the path length difference is scanned, then Fourier transforming
each pixel to find the spectrum (as described in Section 4.3). Both require a lot of images
to be recorded.
We tried to find a way to reduce the number of images required by carefully choosing the
illumination spectrum. This is based on the idea of single pixel imaging [1]. By illumi-
nating a scene with carefully chosen illumination patterns and recording the intensity of
light on a single pixel detector, an image can be built up using an algorithm which weights
each detected pixel intensity according to the spatial distribution of the illumination light.
Choosing the right illumination can result in far fewer images being required than using a
simple raster scan. Our idea was to take this concept and apply it to spectral information,
rather than spatial. Different approaches were considered:
1. Principal component analysis. Analysing the mid-IR transmission spectra of dif-
ferent chemicals of interest using principal component analysis (PCA), and using
the main components as the illumination spectra.
2. Michelson illumination. Using a Michelson interferometer to modulate the illumi-
nation spectrum, and a ghost imaging algorithm to reconstruct the signal with using
a Fourier transform (section 5.2.1).
3. Choosing appropriate illumination spectra. Expanding point 2 using the discrete
cosine transform to choose the most appropriate illumination spectra (section 5.2.3).
Points 2 and 3 are developed further in the following sections.
5.2.1 Reconstruction algorithm
Knowing the spectrum from a Michelson interferometer at any optical path length dif-
ference l is important for use in the compressive sampling idea. The illumination from a
Michelson interferometer, as a function of wavelength λ and path difference l is described
by Equation 2.19. It is helpful to write this in terms of wavenumbers:
I(k, l) =
I(k)
2
(1 + cos (kl)) (5.1)
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Figure 5.1: Example setup for reconstructing the mid-IR spectrum using Equation 5.3.
The normalised ghost imaging algorithm is described by Sun et al. [2] for single pixel
imaging:
Oi(x, y) =
(
S
R
− 〈S〉〈R〉
)
(I(x, y)− 〈I(x, y)〉) (5.2)
where S = ghost image signal, R = reference signal, I(x, y) = speckle field intensity,
Oi(x, y) = reconstructed object for iteration i. Note: the angular brackets represent an
ensemble average 〈a〉 =
(
1
N
∑N
i=1 ai
)
. This algorithm is iterated to build up the recon-
struction of an object. It is ‘normalised’ in the sense that it accounts for different total
intensities of speckle field illuminations between each iterations. The final reconstructed
object is the average of all the iterations O(x, y) = 〈Oi(x, y)〉.
The algorithm can be modified to reconstruct a spectrum, based on a known illumination
spectrum and single signal intensity value:
Oi(λ) =
(
Si
Ri
− 〈S〉〈R〉
)
(I(λ, li)− 〈I(λ, l)〉) (5.3)
where Si = detector intensity value. I(λ, li) is the illumination spectrum, which is given
by the Michelson equation (Equation 2.19). Ri, the reference signal, is now the total
power in this particular illumination spectrum, or Ri =
∑
λ I(λ, li). Now, the recon-
structed spectrum is O(λ) = 〈Oi(λ)〉. An example of an experimental setup to measure
the input values for the algorithm is shown in Fig. 5.1.
5.2.2 Using the reconstruction algorithm with FTIR data
The reconstruction algorithm (Equation 5.3) was used to reconstruct both spectra previ-
ously acquired using standard Fourier transform spectroscopy and reported earlier. Figure
2.5(c) shows data from a FTS, calibrated as a function of optical path difference (l) using
a HeNe laser. Fourier transforming this data gives the spectrum, shown in Fig. 2.5(d).
This is an OP-GaP OPO spectrum after transmission through a polystyrene film. There is
a calibrated absorption visible at 9.72 µm.
Another example, the spectrum from a PPLN OPO after transmission through the polystyrene
film, is shown in Fig. 5.2(b) (fringes shown in Fig. 5.2(a)). Two calibrated absorption fea-
tures are visible.
97
-1000 -500 0 500 1000
Optical path difference (µm)
-1.5
-1
-0.5
0
0.5
1
1.5
D
e
te
c
to
r 
s
ig
n
a
l 
(V
)
3 3.1 3.2 3.3 3.4 3.5
Wavelength (µm)
0
0.2
0.4
0.6
0.8
1
In
te
n
s
it
y
 (
a
.u
.)
3.244 µm
3.268 µm
Figure 5.2: (a) Mid-IR fringes from FTS as a function of optical path difference. (b) Spectrum
from Fourier transform of fringes shown in (a) at 5 cm−1 resolution. Vertical lines show the
positions of calibrated absorption features in the polystyrene film.
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Figure 5.3: Reconstructed OP-GaP spectra for n = 100, 1000, 10000 and 100000 iterations(blue).
The spectrum from Fourier transform is shown as the orange line. Correlation coefficient is 0.787,
0.859, 0.992 and 0.994 respectively.
In each iteration, a random value of l was chosen, and with Equation 2.19 the values of
R and I(λ, l) are calculated. Figure 5.3 shows reconstructed OP-GaP spectra for n =
100, 1000, 10000 and 100000 iterations. Figure 5.4 shows the same data for the PPLN
spectrum.
The cross correlation coefficient was used to determine the similarity between the re-
constructed spectra and the spectrum derived by Fourier transform. Figure 5.5(a) shows
how the correlation coefficient increases as iterations increase for the OP-GaP spectrum.
Figure 5.5(b) shows the same for the PPLN spectrum. The plots show (1- correlation co-
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Figure 5.4: Reconstructed PPLN spectra for n = 100, 1000, 10000 and 100000 iterations (blue).
The spectrum from Fourier transform is shown as the orange line. Correlation coefficient is 0.616,
0.945, 0.967 and 0.987 respectively.
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Figure 5.5: (a) 1 - correlation coefficient as a function of number of iterations for OP-GaP spec-
trum. Data points show the average value from 100 reconstructions, error bars show the standard
deviation. (b) shows the same data for the PPLN spectrum.
efficient), to make it easier to see the correlation increase on a log scale. Also shown are
the minimum number of samples required to acquire the whole interferogram and perform
a Fourier transform (Nyquist sampling theorem).
It is clear that, when choosing random l values, many iterations are required using the
reconstruction algorithm to adequately reconstruct the spectrum. Simply recording the
interferogram at the Nyquist sampling limit and finding the spectrum by Fourier transform
uses far less data samples. The next section explores a method to try and carefully chose
the l values used to reduce the number of iterations needed.
5.2.3 Using DCT to choose illumination patterns
The discrete cosine transform (DCT) describes a signal x(n) of length N broken up into
cosine components:
y(k) = w(k)
N∑
n=1
x(n) cos
( pi
2N
(2n− 1)(k − 1)
)
, k = 1, 2, . . . , N. (5.4)
where
w(k) =
 1√N , k = 12√
N
, 2 ≤ k ≤ N
(5.5)
y(k) are the coefficients, which you can use to reconstruct the signal x(n). Each y(k)
value multiplies a cosine wave:
x(n) =
N∑
k=1
w(k)y(k) cos
( pi
2N
(2n− 1)(k − 1)
)
(5.6)
The spectrum shown in Fig. 2.5(d) can be transformed using the DCT. It can then be re-
constructed using Equation 5.6. Of a total of 1000 components (set by the number of data
points), most of the information can be recovered using only the largest few components.
By sorting the components so the largest coefficients are used first, the signal reconstruc-
tion is shown in Fig. 5.6. This sorting process is important, many of the coefficients are
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Figure 5.6: DCT reconstruction of FTS spectrum for 7, 10, 20 and 32 components.
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Figure 5.7: (a) First 4 DCT components used (normalised to be between 0 and 1). The first is not
visible as it is zero path difference, so always equal to 1. (b) Second DCT component (blue) and
Michelson interferometer output spectrum for l = 52.5 µm (orange). (c) Fourth DCT component
(blue) and Michelson interferometer output spectrum for l = 83.5 µm (orange), not a perfect
match for the component.
very small so using them to reconstruct the signal gives you no extra information. With
32 components the signal is almost completely reconstructed.
The spectra transmitted by a Michelson interferometer are cosine waves (Equation 5.1), so
by decomposing the spectrum of light to be measured into DCT components, and sorting
to use the largest coefficients first, the reconstruction algorithm may converge with fewer
iterations.
The first 4 actual components used from using the DCT on the OPGaP OPO spectrum are
shown in Fig. 5.7 (it is important to have the spectral data used as an input for the DCT
function linearly sampled with frequency (or wavenumber) rather than wavelength). As
expected these appear to be spectra you could generate with a Michelson interferometer -
all that is needed is to work out what l values these spectra correspond to.
A script was written which takes each of these components, and finds the l value which
would generate them in a Michelson interferometer. The initial development script does
not work well for high frequency cos waves (due to an aliasing issue), but it works for
the first 80 or so components, although not always perfectly. An example is shown in
Fig. 5.7(b) and (c). Component 2 is perfectly reconstructed at l = 52.5 µm. l = 83.5 µm
does not quite match component 4 but is close.
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Figure 5.8: Using the reconstruction algorithm with the best l values, for n = 10, 20, 40 and 80.
The list of the l values that represented the biggest DCT coefficients was then used in the
spectrum reconstruction algorithm. The reconstructed spectra are shown in Fig 5.8. There
is a clear aliasing effect, showing features at other wavelengths. It is possible though to
reconstruct the main features, and identify that particular absorption feature, with very
few iterations, compared to randomly choosing the l values.
This represents a first step towards developing an approach to compress the amount of data
required for spectral imaging. In the future it would be interesting to apply Equation 5.3
to more data, and try different methods to shape the illumination spectra for more efficient
reconstruction.
5.3 Scattering from powder samples
The scattered mid-infrared light from some solid powder samples was measured. Fig-
ure 5.9(a) shows typical samples, the mass of each was not measured but are around
5-10 g. Powders readily available as nutrition supplements were examined as well as caf-
feine and paracetamol. The initial aim was to build a spectral library of the 11 powders
examined and explore automatic spectrum recognition techniques using machine learning.
This work is not complete, but presented here are a few results of the spectra measured
from caffeine. Figure 5.9(b) shows the experiment set up – the mid-IR idler beam from
the OPGaP OPO was directed vertically downwards with a 45-degree mirror onto the
powder sample. Scattered light was measured close to horizontal, very far from the spec-
ular reflection angle, so the scattered light recorded had only interacted with the powder
and had not been reflected from the card underneath.
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Figure 5.9: (a) Examples of powder samples. (b) Powder scattering measurement setup.
Figure 5.10 presents the scattered light spectra recorded from caffeine. Clear features are
visible. This is expected from literature measurements (for example [3]). One feature
expected at 9.75 µm (1025.4 cm−1) appears in just about the expected place.
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Figure 5.10: (a) Reference (blue) spectra and scattered from caffeine powder (orange) spectra from
using 3 OPGaP gratings. (b-d) Scattered light spectra by dividing scattered by reference spectra.
These are based on an average of 7 measurements with 2 cm−1 resolution.
A range of powders were measured, and it was found that they all have different distin-
guishing features. It is not clear what influence the size of particles in the powder will
have on scattered spectra, and all the powders will be different, so no real conclusions can
be made about it. It is clear though that this is another possible application of the coherent
mid-infrared sources in the fingerprint region.
5.4 Upconversion with OPGaP
Upconversion mixes a mid-infrared signal with a near-IR pump beam to add the two fre-
quencies together in a nonlinear material. Dam, Tidemand-Lichtenberg and Pedersen [4]
used PPLN and a 1-µm pump laser to convert mid infrared around 3 µm to 800 nm. This
meant that they could use a silicon CCD camera to record mid-IR images, and they were
also able to detect single mid-IR photons with orders of magnitude better sensitivity than
a cryogenically cooled mid-IR detector. Understandably, more work has been done on
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upconversion, but the same limitations faced by mid-IR generation are faced with upcon-
version (see Section 1.3.1). PPLN cannot be used for upconversion of wavelengths above
5-µm. While OPGaAs can be used, it requires a 2-µm pump laser, and means that the un-
converted signal will need a InGaAs detector rather than silicon. This has recently been
demonstrated [5]. While upconversion imaging from 6 - 8 µm has also been demonstrated
using AGS [6] with a 1-µm pump laser, this faces limitations due to birefringent phase
matching conditions. OPGaP can bring the flexibility of QPM that OPGaAs has, while
still being compatible with 1-µm pump lasers allowing silicon detectors and cameras to
be used.
Calculating the phase matching for upconversion, it is found that for the 9 - 10 µm spectra
generated by the Λ = 31 µm OPGaP grating, the 24.5 µm grating will phase match to
upconvert this to 930 - 950 nm. Direct imaging in the mid-IR could therefore be possible
using this approach.
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